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ABSTRACT 


(CF) ,P (F) NH (CH,) (I) and (CF) ,P (F) NCH, (CHC; H,) 
(II) have been obtained from the pentavalent fluoride 


(CF) ,PF and the appropriate amine, CH,NH, or CH,- 


2 Ey 
(CHC ¢H,) NH. CH, (CF) P(F)NH(CH,) (III) was prepared 


i 


from CH, (CF,) PF and CH.NH,. The F and ots nmr 


2 3h ne 
spectra of (I) and (II) at low temperature, and of (III) 


at room temperature show the presence of different CF. 


environments consistent with substitution at axial or 
equatorial positions of the assumed trigonal bipyramidal 


framework. The former are characterized by relatively 


small are (and ae and the latter by relatively large 


se (and a) values. Ground state structures are 
consistent with the preferential location of fluorine 


in the axial position and of CH,, NH(CH3) or NCH, (CH,C,H,). 
groups in the equatorial positions. The CF. 

groups occupy the remaining axial and equatorial 
positions. PF NCH, (CHC(H,) (IV) was prepared by the 
thermal decomposition of the phosphorus pentafluoride- 
methylbenzylamine adduct. The four new compounds 

appear to be five coordinate molecular phosphoranes and 
not isomeric phosphonium salts. At very low temperatures, 
a small splitting of signals in the a and oe spectra of 
(IV) may be due to the presence of nonequivalent axial 
fluorine atoms. 


The changes in the appearance of the spectra of all 


of the phosphoranes studied herein upon lowering the 
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-temperature are interpreted in terms of a reduction in the 
rates of (i) equilibrating permutational process and 
ii) the hindered rotation around the P-N bond which is 
coupled with inversion at nitrogen. 

The temperature dependence of the 31, nmr spectra of 
a series of compounds of the type (CF,)P(F)Y, where 
Y= NH(CH,), N(CH.) 5, NCH. (CH Chie) a) (OGH CH, (CF,),- 


PATE She: 3% 


4NCH, (CHC H,) has been examined. The 


interchange of axial and equatorial fluorines in PF 


P(F)NH(CH,) and PF 


4NCH,- 


(CH Ho), of axial and equatorial CF. groups in (CF) .- 


a6 3 
P(F)Y series and CH, (CF) .P (F) NH (CH3) occurs by a pairwise 
exchange mechanism. The temperature dependence of the 


13, ~ {*? Fh spectra of one compound (CF,) ,P (F) NCH, (CH Gln’) 


256%5 
was also examined for comparison of the resultant activa- 
tion parameters with those obtained from 315 nmr spectro- 
scopy. | 

Line shape analysis of ee and ae nmr spectra obtained 
at different temperatures (by means of the computer programs 
DNMR3 and EXCHSYS) yielded activation parameters for the 
exchange process. In (CF) 3P(F)X series, the barriers to 
the averaging of CF. environments (deduced from AG") are in 


3 


: > > A 
order: NH (CH, ) > NCH, (CHC H,) N(CH,), OCH, For 


3) 32 (F) NCH, (CH,C,H.), the activation parameters obtained 


from nmr of two different nuclei were in good agreement. 
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‘ CHAPTER 1 


INTRODUCTION 


In recent years the chemistry of five coordinate 
phosphorus compounds has received increased attention, 
directed particularly toward an understanding of the 
bonding and stereochemistry!” in these systems. The 
basic trigonal bipyramidal framework, which is now well 


established for these compounds ,1'4"9+29780 


provides 

two different ligand environments, a pair of "axial" 
substituents and a set of three "equatorial" substituents. 
The axial bond in the trigonal bipyramidal framework is 
longer than the equatorial ponds a result which can 

be rationalized by considering the interactions of bond 
pairs with neighboring ligands following the rules of 


OF ee ES of 


Gillespie. >! Theoretical calculations 
varying sophistication have been also used to analyze 

the geometry of the five coordinate molecules. The 
locations of substituent groups within this structure 

are much less certain in cases where two or more different 
groups are present. Initial studies?4 suggested that 
axial positions were preferentially occupied by the 

most seh nedative substituents, perhaps the result 

of greater ionic character of bonding in this direction 
or possibly a consequence of enhanced 1 bonding in 

the equatorial plane. The concept of aprcopni wey 


recognizes that the location of substituent groups is 
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determined by a balance of various factors such as 
electronegativity, t bonding and possibly also steric 
effects but does not imply any particular origin. 
Recent nmr studies?® suggested an apicophilicity series 


with the order: 


Pea CL ser CF. > OSiMe., OMe, SMe, NMe,, H, Me 


0.51 0.47 0.45 0.41 2 0226. 0.519 = 0305" (050-005 


wherein sociee separated by a comma were regarded as 
indistinguishable on the basis of available data. This 
apicophilicity order seemed to follow the substituent 
pane eee car values of which are listed under each 
substituent. 

The presence of phosphorus, fluorine and carbon 
atoms, all of which 7ane nuclear spin of 1/2, provides 
a variety of useful nmr probes for the study of these 
compounds. Although 195, and a are present in 
100% natural abundance, the sensitivity of the nmr 
technique is ~7% for 31, vs. As rs whereas nmr sensitivity 
of the latter nucleus is comparable to that of the proton. 
The low natural abundance of the B36 isotope (1.1%) and its 
low nuclear sensitivity (~2% of that for equivalent 


number of fluorine nuclei under similar field) make 13, 


resonances much more difficult to obtain than 19, 


resonances. Additional complexities arise from extensive 
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and large nuclear spin splitting interactions which spread 
the spectrum over a large frequency range. Recently the 
availability of Fourier transform nmr goeetrosecay has 
allowed measurement of such spectra in high quality from 
small samples of these compounds. Additional flexibility 
and long term stability for these and similar experiments 
has been provided by the development of nmr instruments 
which can be locked on a nucleus different from the one 
being observed. The heteronuclear lock system has proved 
invaluable in measuring low temperature 31, spectra since 
lock compounds containing phosphorus which are useful at 
low temperatures are not readily available. Decoupling 
techniques have been used in both ies and 136 spectra in 
order to obtain simplified spectra with reduced spin 
splitting interaction; such techniques are essential for 
the latter nucleus because of its low sensitivity. 

There are two main soreoachece. to the theoretical 
description of high resolution nmr spectra of liquids 
and gases: the phenomenological description in terms of 
Bloch equations and the quantum mechanical description 
in terms of a spin Hamiltonian. Time or field dependent 
effects in the simple nmr spectra of a molecule with a 
single magnetic nucleus can be described by means of the 
Bloch equations which include two relaxation times, Ty 


and T which govern the line shapes. The nmr spectra 


BRU 


of molecules with several magnetic nuclei can be completely 
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analyzed in terms of resonance frequencies and intensities 
which are obtained from the spin Hamiltonian in order to 
obtain a set of parameters: the chemical shift Oo. and 
coupling constants Sey These parameters fully determine 
the energy levels of the nuclear spins in the external 
magnetic field, Ho and therefore comprise the static 
information that can be extracted from an nmr experiment. 

In addition to chemical shifts and coupling constants, 

nmr spectra are a function of certain time dependent 
phenomena. The changing of the nmr signals with temperature 
can be related to the stereochemical changes of the molecule. 
The processes are characterized by lifetimes of the 

nuclei in distinct environments, and the magnitude of lifetimes 


is inversely related to the total spread (in cycles per 


second) of the nmr spectrum of the magnetic isotope of interest 


: to 10° cee The rate constants for 


(typically 10. 
the exchange process are further inversely related to 
the lifetimes of initial and final states of the system. 
If the average lifetimes of a number of species in 
equilibrium exceed an upper limit, the nmr spectrum will 
show them as individual entities. Conversely, if the 
lifetimes are short with respect to the nmr time scale, 
one will obtain a single spectrum in which the chemical 


shifts and, for intramolecular process, the coupling constants, 


are statistically weighted averages of the corresponding 
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“values for the various forms of the exchanging species. 
The analysis of the characteristic phenomena that can be 


observed during the transition from one extreme to the 
other constitutes the field of "dynamic nuclear magnetic 
resonance spectroscopy" (DNMR) 2° and such analyses 
have proven to be especially valuable in the study of 
molecular conformational changes. 

The polytopal exchange of ligands in five coordinate 
phosphorus compounds has been studied in greater detail 
than other systems, such as five coordinate metal 


complexes ,*/"28 


for many reasons. First, the five 
coordinate phosphorus compounds are relatively stable 

and are easily synthesized and purified. Second, the 
polytopal exchange reactions of many of these compounds 
occur at rates that are convenient for study by magnetic 
resonance techniques. Finally, the observation that 
magnetic spin coupling interactions (eg. 19,315) are 
usually preserved during these exchange reactions helps 
to assure their intramolecularity © within the constrain- 
ing assumption that there are no strong solvent cage 
interactions which promote recombination of dissociated 
molecular fragments with unchanged spin states.” Other 
tests such as concentration dependence must also be 
performed in order to establish the molecularity of the 
process; in general the reearuser on phosphorane 


exchanges have supported the proposal of intramolecular 
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‘polytopal exchange. 

In a classic analysis of the interchange of axial 
and equatorial fluorines in na ad molecules it was 
shown that the permutational process involves pairwise 
exchange such as that described by a Berry pseudorotation?° 
(BPR). Other more complex processes also are possible 
which provide pairwise interchanges. 

Berry postulated that positional exchange in trigonal 
bipyramidal five coordinate compounds (PX,) occurred by 
means of a symmetric deformation of the molecule which 
leads, through a square pyramidal intermediate, to a new 
configuration in which two axial and two equatorial atoms 
have been interchanged. One of the equatorial ligands 
does not participate in the positional exchange and is 
called the "pivot". ‘The originally axial pair undergoes 
an angular bending displacement (4P5 angle changes from 
180° to 120°) (Figure 1) in a plane defined by ligand 3 
(the pivot) and the axial pair (4 and 5). The initially 
equatorial pair participates in a simultaneous bending 
displacement (1P2 angle changes from 120° to 180°) in 
the original equatorial plane. The bond distances must 
be adjusted to the new geometry. An intermediate ore 
transition state is traversed only if all bonds other than 
the pivot bond are identical in the transition state, other- 
wise the transition state symmetry is formally Coy: 
An alternative to Berry pseudorotation is the 


turnstile rotation (TR) mechanism, the details of which 
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mechanism for positional exchange in five 


coordinate trigonal bipyramidal compounds. 
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are given elsewhere.” The unique motion of TR mechanism 
is illustrated by the figures 2a and 2b. A displacement 
of two equatorial ligands (te and te' in 2a) reducing 
the original 120° angle to ~%90° combined with the 
simultaneous bending of the axial and equatorial ligands 
(Pe and Pa in 2a) by approximately 9° give the structure 2b. 
Superimposed upon the above motions is the internal 
rotation of the pair (Pa and Pe) vs. the trio (ta, te 
and te') according to 2b. The combination of these 
three motions leads to the TR barrier situation 2c,d which 
is reached by a relative internal rotation of 30°; from 
this point a further 30° rotation leads to an intermediate 
which can relax by the reverse of the above bending motions 
to an analogous conformation of the original trigonal 
bipyramidal molecule. 

The gradual transformation of certain lines 
in an nmr spectrum upon variation of the temperature 
indicate the presence and nature of a rate process. Such 
changes can be measured with standard nmr equipment and 
followed by line-shape analysis. The line-shape 
calculations of the nmr spectra employ the density matrix 


32 
approach of Kaplan at and Alexander together with the 


theories of Redawedae: and aacabe With the advent of 


the numerical techniques developed by Gordon and McGinnis, >> 


34 


Binsoheo° and Schinmer, Noggle and Gaines has it become 


possible to treat spin systems of considerable complexity. 


Details concerning the nmr line-shape calculations used 


‘ ‘ ? 2107-26 
herein are given elsewhere. 
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The principal goal of the research described in this 
thesis was to understand the chemical and stereochemical | 
properties of some five coordinate phosphorus compounds 
(phosphoranes). In the course of this study four new 


phosphoranes; (CF) ,P(F)NH(CH,), (CF) ,P(F) NCH, (CH Coie) 


22085 
Pp F , a a 
CH,(CF,), ( ) NH (CH,) PF ,NCH, (CHC (HH) were prepared 
The preparation and characterization are described in 
19 31 


Chapter 2. The temperature dependence of the F and P 


spectra of the new compounds (which are fluxional) plus some 


related known compounds were examined to gain an under- 
standing of the energetics of polytopal exchange of the 
ligands and to determine the ground state geometry in 
the trigonal bipyramidal framework. One compound 


(CF), 


31, and oO o lie 


P(F)NCH, (CHC H,), was examined by means of both 


FI temperature dependent nmr spectra to 
compare activation parameters for positional exchange 
obtained by different methods. The ground state structures 
of these compounds and the exchange mechanism are 
discussed in Chapters 3 and 4. Energetics of the processes 
were derived by means of line-shape analysis of the 13, 
and as nmr spectra obtained at different temperatures 


by means of existing computer programs (DNMR3 28 and 


excusys 23) in order to obtain rate values for the process 
which were then used to prepare an deaRicr Rae pLOLSL Eom 
which the activation parameters (Ey the Activation energy; 
A, the frequency factor and AH’, enthalpy; Ast, entropy 


hor, free energy of activation) were obtained. 
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CHAPTER 2 


MATERIALS, APPARATUS, TECHNIQUES AND PREPARATIONS 


High Vacuum Apparatus and Techniaues 


Due to the air and moisture sensitivity of many of 
the reactants and reaction products all reactions were 
done in sealed tubes using standard high vacuum Pecnmigaes. 
An ultimate pressure of less than 10 microns of mercury 
was attainable by use of a mercury diffusion pump separated 
from the main vacuum system by a cold trap held at -196°C 
and backed by a rotary oil pump. The vacuum system was 
constructed with Pyrex glass and the stopcocks lubricated 
with Apiezon N grease. Separation of volatile compounds 
was usually achieved by passing them through a series 
of U-traps cooled with slush baths? to various tempera- 
tures. Pressure measurements were made using mercury 
manometers. Nonvolatile materials which remained in the 
reaction vessel following vacuum fractionation were 
handled in a nitrogen or an argon atmosphere while aqueous 
solutions were handled in the air since it had been found 


by experience that such products were invariably air 


BEAD ie” 
Materials 
aS 43 44 42 
’ EP, 
(CF3),PI, (CF) oPCl, (CF,)5PCl. (Chao : 
4 4l 42 
(CF 3) ,CHPF5+¢ (CF) 4P, (CF) PF. were prepared 


according to published methods. Reagent grade commercially 
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available materials generally were fractionated before 
use to remove impurities, or, if this was not possible, 
were pumped on to remove entrained air. 
Instrumental Techniques 

The starting material and new compounds were checked 
for purity by infrared or nuclear magnetic resonance 
spectroscopy. Infrared spectra were recorded with a 
Perkin-Elmer 457 spectrometer in a 9 cm gas cell with 
potassium bromide windows or in potassium bromide plates 
for liquid samples. All nmr spectra were recorded with 
either a Varian A56/60, a Varian HA 100 or Bruker HFX-90 
spectrometers. Proton spectra were recorded at 60.0 MHz and 
fluorine spectra at 56.4 MHz using the A56/60 instrument. 
Higher resolution spectra were obtained on a Varian HA 100 
instrument, equipped with a V6040 temperature controller, 
which was capable of attaining temperatures as low as 
about -120°C. This spectrometer operates at 100 MHz 
for protons, 94.1 MHz for fluorine and 40.5 MHz 
for phosphorus nuclei. Since the Varian system was 
unsatisfactory for recording 2p spectra at low tempera- 
tures! due ito the: difficulty in: finding a ‘good low 
temperature lock compound, the Bruker HFX-90 system with 
Fourier transform capability and heteronuclear lock was 
used for low temperature studies of this nucleus as well 


as 136, This system operates at 90 MHz for protons, 
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13. 


84.6 MHz for fluorine, 36.4 MHz for phosphorus and 22.6 MHz 
for carbon nuclei. Phosphorus spectra were run in Fourier 
transform mode and either 2000, 2500 or 5000 Hz sweep 
widths were collected in 2K data points on the Nicolet-1085 
20K memory computer associated with the system. The 
temperature controller is reproducible to + 1°. Samples of 
volatile products for nmr measurements were prepared 

under vacuum in 5 mm o.d. medium wall sample tubes consist- 
ing of about 30% by volume of the compound in CFCl., or a 


3 


3 and CFCl., depending on the temperature 


requirements. Involatile products were investigated as 


mixture of CFC1l 


solutions in CD,CN, cD.cl, or HO. Fluorine chemical 


shifts were measured relative to internal CFCl. solvent 


or to an external (capillary) of cFCl, if other solvents 


were used. Proton and phosphorus chemical shifts were 


measured relative to internal tetramethylsilane or an 


40, (neat) ©” respectively. 


Mass spectra were obtained on the AEI M59 mass 


external capillary of P 


spectrometer, operating at an ionizing voltage of 70 eV, 
and were introduced as gases using a heated inlet system. 
Hydrolysis 

The three new compounds (CF) ,P(F)NH(CH,), (CF) 4 
P(F) NCH, (CH,C.H,), and CH, (CF ,) »P (F) NH (CH, ) were hydrolysed 
in saturated NaOH solution at room temperature for 48 hours 
and the yields of fluoroform, characterized by infrared 
spectroscopy, are quoted in Table 1. Anions remaining 


F 19 46 
in solution were characterized by F nmr. The results 
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of neutral hydrolyses are also given in Table l. 


Preparations 


Preparation of tris (trifluoromethyl) fluoromethylamino- 
phosphorane. 


Gaseous methylamine (0.168 gm, 5.15 mmole) was slowly 


(1601 Sage 


2 
3.69 mmoles) contained inal & gas phase reactor’? at 


admitted to a sample of gaseous (CF) ,PF 


room temperature. A white solid formed immediately upon 
contact of the two vapours. After 1/2 hour at room 
temperature, separation of the volatile products in vacuum 
gave tris (trifluoromethyl) fluoromethylaminophosphorane 
(CF,) ,P (F)NH(CH,) (0.353 g, 1.23 mmoles) trapped at -45° 


and a mixture of unreacted (CF .,) PF and methylamine 


2 
(0.0380 gm), trapped at -196°. The compound (CF,) ,P(F)- 
NH (CH, ) was characterized by its spectroscopic properties 
(ir, Table 6; nmr, Table 8) mass spectral data, Tables 3 
and 5, and hydrolysis (Table 1). 

The 19, nmr spectrum of a deuterated methylene 


chloride solution of the remaining white solid showed 


three multiplets, centered at (¢) 68.8, 88.1, and 103.3 


| il 
for (CF) ,PF 


3 e 
64.0 and 49.0 ppm were assigned to a small amount of 


The other signals from the same sample at 


(CF P (F) NH (CH) which had been trapped in the solid. 


3)3 
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(J = 854 Hz) ppm which were consistent with those ecorted | 
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In a second preparation, white solid and liquid were 
left in the reaction vessel (C) and (A) of Figure 3a 
respectively after removal of the desired product. The 
Oe nmr spectra of a solution of the solid in (C) were 
the same as those obtained above. The 1 nmr spectrum 
of this solution showed two singlets of equal relative 
intensity at t= 7.52 and 4.42, assigned to CH, and NH, 
protons of CH,NH,”. The 1 nmr spectra of the liquid 
which remained in (A) showed a singlet at Tt = 4.70 
and a doublet with coupling constant of 9 Hz at Tt = 7.47 
there was no 19, Signal from this sample and its 
identity was not established. The yield of (CF) ,P(F)- 
NH (CH) was calculated based on the amount of the product 


in -45° trap related to the initial weight of (CF) ,PF,- 


Preparation of tris (trifluoromethyl) fluoro (N-methyl- 


benzylamino) phosphorane. 


N-methylbenzylamine, CH, (CH,C;H,)NH, (0.541 g, 4.48 
mmoles) was weighed under nitrogen by difference into a 
reaction tube in the drybox and the tube was removed to 
the vacuum line and evacuated. At -196° 0.323 g of 


diethyl ether was condensed into the reaction tube and 


allowed to mix with the N-methylbenzylamine, then (1.128 g, 


4.09 mmoles) of (CF) 3PF, was condensed into the reaction 


tube and the tube was sealed. Upon slow warming from 


-196° to room temperature a white solid was first formed, 
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Figure 3a Gas Phase Reactor 
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Figure 3b 


Apparatus for Transferring Products of Low Volatility 
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which dissolved to form a yellow, oily liquid. Separation 


of the volatile products gave (CF) ,P(F)NCH, (CHC HL), 


tris (trifluoromethyl) fluoro (N-methylbenzylamino) phosphorane, 
(0.593 g, 1.57 mmoles) trapped at -45°, unreacted 


(CF,) PF. (0.013 g, 0.05 mmole) trapped at -116° and 


diethyl ether (0.323 g) trapped at -196°. (CF) ,P(F)- 


NCH, (CHC; H,) was characterized by its spectroscopic 


properties (ir, Table 6; nmr, Tables 8 and 9), by mass 


spectral. data, Tables, 3 and 5, and hydrolysis (Table 1). 


The aoe nmr spectrum of the yellow, oily liquid 


in deuterated methylene chloride showed 3 multiplets, 


centered at 67.2, 88.0 and 103.2 (J 859 Hz) ppm, were 


LA 
PE 


3° 
other signals, a doublet and a broad singlet belong to 


consistent with those Gace fox, (CF,) ,PF The 


CF, region of (CF) ,P (F) NCH, (CHC H,) centered at 60.5 
ppm and doublet of multiplets centered at 30.4 ppm due 

to the fluorine of the portion of the volatile product which 
had been trapped in the solid residues. 

Convenient preparation of the ove nmr sample which 
required transfer of large amounts of relatively 
nonvolatile phosphorane was effected by means of the 
special apparatus illustrated in Figure 3b. The system 
was evacuated and sealed off at (Coy Synthesis was 
accomplished in (A) as follows: (0.976 g, 7.80 mmoles) 
of N-methylbenzylamine CH, (CH,C-H.) NH was loaded into 


the reaction tube (A) under nitrogen through the ground 
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glass joint. The system was connected to the vacuum line 
and evacuated. Diethyl ether (0.683 g) was condensed 
into the reaction tube (A), warmed to mix and then cooled 


again to -196° in order to condense (CF) ,PF (O09 33745 


2 
8.04 mmole) into (A). The reaction vessel was sealed 

at (@) and the sealed tube was slowly warmed up to room 
temperature whereupon a white solid was formed, which 
dissolved upon subsequent shaking of the reaction mixture 
for 3 hours at room temperature to form, finally, an 
apparently homogeneous oily liquid. The connection 
between reaction tube (A) and the U-tube (B) was opened 
by means of a breaker, and the system was connected to 


the vacuum line by means of the sealing constriction Q A 


The desired compound, (CF) ,P(F) NCH, (CHC H_) was 


distilled from (A) and trapped in the U-tube (B), which was 


1 oe 


cooled to -45°. Diethyl ether (0.683 g) and unreacted (CF), 


PFo (0.134 g 0.49 >mmole) were separated in the main vacuum 


system. Reaction tube (A) was then removed by sealing off 


at Ow Approximately 1.5 ml of deuterated methylene 


chloride was condensed into the U-tube (B) from the vacuum 
system, and the apparatus was sealed at (4) . After warming 


and mixing, the solution was filtered through the frit into 


the nmr tube, which was immersed in a 5°C ice-water bath. 


The solution in the nmr tube was frozen and the tube was 


sealed with a torch at G) ™ 
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In order to obtain a sample suitable for measurement 
of high temperature nmr spectra, the above procedure 
was repeated using instead deuterated methyl cyclohexane 


as the solvent. 


3 148) 
For 1b and F nmr spectra the above procedure was 


repeated using arbitrary mixtures of CrCl. and cFCl, as 


the solvent. (CF) ,P (F)NCH, (CHC H,) was prepared by 
analogous technique as above except that a 5 mm nmr tube 
was used. and filtration of the sample omitted. 

The yellow oily liquid remaining in the reaction tube 


A ’ 
{A) consisted of (CF ,) 3P (F) NCH, (CH,C,H ) and 


5) 


CH, (CH C_H_)NH,” - (CF) ,PF ~. The ty nmr spectrum of a 


Zoro 2 ee 
solution of the remaining yellow, oily liquid showed two 


doublets at tT = 7.45 and 6.08, two singlets at t = 4.1 
and 2.82 with the intensity ratio of 3:2:2:5 which were 
respectively assigned to methyl (CH,) 4 methylene (CH, ) 


protons (2H) and phenyl (CH) Signals of CH, (CHC HL) - 


NH,”. The other signals in the same sample, a singlet 


ates = 12.187, utwoudoublets centerédiiat t=-'5t7 8" and- 735; 
were assigned to phenyl (CoHe), methylene (CH,) and 


methyl (CH) signals of (CF P(F) NCH, (CH CHHe)- tin 


3)3 ZAOHS 


agreement with the signals shown by a pure sample (nmr 
Table 5). The relative molar ratio of (CF ,) ,P(F)NCH,- 


+ = 
. PF.” j : 
(cH CEH.) to CH, (CHC H,) NH, (CF,) 5 3 in the residues 


1 to 5.1, obtained from the relative total’ intensities of 
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the phenyl group peaks in the nmr spectrum was combined with 
the total weight of the residue in (A) to compute the total 
yield of phosphate salt, 89% (eq 2), which is presumed to 


equal the yield of (CF) ,P (F) NCH, (CH,C-H,) « 


The Preparation of N-methylbenzylaminofluorophosphorane by 


the Thermal Decomposition of N-methylbenzylamine - 


Phosphorus Pentafluoride Adduct. 


Using the same apparatus as described above (Figure 


3b), except for a pretreatment with PF_ to remove water, 


5 
phosphorus pentafluoride (0.466 g, 3.70 mmoles) was 

condensed on to a solution of N-methylbenzylamine (0.380 g, 
3.13 mmoles) in toluene (1.0459 g) in (A) at -196°. The pale 
yellow solid N-methylbenzylamine-phosphorus pentafluoride 
adduct was formed upon warming the mixture to room tempera- 
ture. After 2 hours at room temperature the system was 
connected to the vacuum line and the volatile products 

were removed by pumping for several hours. The reaction 
vessel was then heated to 75° and the evolved N-methylbenzyl- 


aminotetrafluorophosphorane [PF ,NCH, (CH CHL) ] was 


Z 
trapped in the U-tube (B) at -78°C; some excess phosphorus 
pentafluoride and toluene were trapped in the vacuum 

system at -196°. Reaction tube (A) was removed. Approxi- 


mately 0.25 ml of CFCl. was condensed into the U-tube (B), the 


3 
apparatus was sealed and removed from the vacuum line. The 
solution 'wasitransferred intoa. 5Symmnmr tubes,ate-—196° 


without filtration as described above. 
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Upon heating the remaining adduct in the reaction tube 
(A) which was connected to the vacuum system by means of 
the sealing constriction, an additional quantity of 
PF NCH, (CH c Hy) was trapped at -78°, which was used 


o 216 


for characterization. PF NCH, (CHC,H.) was characterized 
by 1ts spectroscopic. properties (ir, Table 7; nmr, Table 10) 


and by mass spectral data (Tables 4 and 5). 


Preparation of methylbis (trifluoromethyl) fluoromethyl- 


aminophosphorane. 


CH, (CF,) PF. (0. 244..9,,.1.23.mmoles) and CH,NH, 


(0.042 g, 1.35 mmoles) were allowed to react in the gas 
phase in a reactor described elsewhere. > ae immediate 
reaction took place upon contact of the reagents with 
formation of a white solid material. After 1 hour at 

room temperature, separation of volatile products in 

vacuum gave methylbis (trifluoromethyl) fluoro (methylamino) -- 
phosphorane CH, (CF) .P(F)NH (CH) (0.140 g, 0.603 mmole) 
trapped at both -45° and -78° and unreacted CH3 (CF) PF. and 
CH,NH, (0.011 g) at -196°. The compound CH, (CF) ,P (F) NH (CH) 
was characterized by its spectroscopic 

properties (ir, Table 6; nmr, Table) mass spectral 
data (Tables 3 and 5) and hydrolysis (Table 1). cFCl, 
was used as a solvent for 1s, 19) and ane nmr at normal 


(+31°) temperature. For high temperature nmr spectra, 


the above procedure was repeated using d,-toluene as the 
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solvent and the nmr tube was sealed under 1 atm of Ar 
gas to prevent refluxing of the solvent. 


19 : NES 
The F nmr spectrum of a solution of the remaining 


white solid in deuterated acetonitrile showed 2 multiplets 
centered at 6/.2 and)69.1. ppm, two doublets. at 78.3 and 


. 2 : 
80.5 ppm with Jopi 86.5 and 79.5 Hz respectively, which 


were assigned to bk signals of CH, (CF ) ,PF a 


S) a 
Hs 
The “H nmr spectrum of the same sample showed two 


Singlets of equal intensity ratio at T = 7.85 and 3.56 


which were assigned to protons of CHNH,. The other 


Signals in the same sample were due to the CH, group 


3 
directly bound to phosphorus atom in CH, (CF) PF 


3 lA 
centered at tT = 9.17. The yield of CH, (CF) ,P (F) NH(CH,) 
(50%) was calculated based on the amount of the product 


in -45° and -78° traps relative to the starting weight 


of CH, (CF) ,PF.- 
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Results and Discussion 


Synthesis and Characterization 


Controlled aminolysis of the difluorophosphorane 
(CF) ,PF. in the gas phase at room temperature gave the 
monofluoroaminophosphorane, (CF) ,P(F)NH(CH,), in about 


35% recovered yield according to the equation (1): 


2(CF,),PF, + 2CH,NH, —— (CF) ,P(F)NH(CH,) sn a 


+ 
CH NH (CF) ,PF, 


3 


Nmr spectroscopy of the solid residues in (C) of Figure 


3a indicated the presence of the substituted fluoro- 


+ 
phosphate salt CH,NH, (CF) PF. and another unidentified 


compound in (A) of Figure 3a which contained no fluorine 


iL 


nucleus showed “H nmr spectrum as a sharp singlet at 


T= 4.70 and a couplet with. =19 20 0b7 aear=./../47. 


The reaction of (CF PF. with CH, (CH C_H_)NH gave 


3)3 ZO) ' 5 
tris (trifluoromethyl) fluoro (N-methylbenzylamino) phosphorane, 


(CF) ,P(F)N(CH,)CH,C-H,)s in estimated 89% yield according 


to the equation (2): 


2(CF,) PF, + 2CH, (CH C,H.) NH —— (CF) ,P (F) NCH, (CHC,;H.) fe 


+ 
as CH (CHC -H,) NH, (CF,) PF, 


+ rs 
The involatile salt CH, (CH,C-H,) NH, (CF3),PF, was 
the only other product found along with ~20% of 


H in the reaction vessel. 
(CF) ,P (F) NCH, (CHC, 5) in 
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The reaction of CH, (CF,) PF. with CHNH, in gas phase 


gave methylbis (trifluoromethyl) fluoromethylaminophosphorane 
CH, (CF,),P(F)NH(CH,), in 50 % yield according to the 


equation (3): 


+ > 


of 
+ CHAN CH, (CF,),PF, 


x Sees 


The only other product was identified as the salt 


CH_NH VCH. (CF). PF a white solid. 


3-3 ate 
Phosphorus pentafluoride formed a 1:1 adduct with 


N-methylbenzylamine typical of analogous adducts previously 


a.>°? 


reporte When heated at 75° the solid melts and 


evolves N-methylbenzylaminofluorophosphorane, PF N(CH.) - 


. 4 prs = 
CH,C HH. leaving behind a salt, CH, (CHC H,) NH. PFE ‘ 


. H . H_) + 
aE 5 N(CH) (CHC, ,)H —-> PF NCH, (CHC, 5) A 


+ 
CH, (CHC H._) NH, : PF. 


eae y 


aa 
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Hydrolysis 


Alkaline hydrolysis of the two new phosphoranes 


(CF) ,P (F) NH(CH,) (I) and (CF) ,P (F) NCH (CHC H,) (IT) 


gave two molar equivalents of fluoroform, leaving the 


TEE AGS . : 
CFs 3 anion : in the solution (equation 5). Neutral 


hydrolysis yielded one molar equivalent of fluoroform, 


leaving the (CF) PO, Mees in the solution (equation 6). 


Boe Oe oe UeCrerolc +. 20h H 


(CF) ,P(F)NR|R, 2 3P°3 3 


(5) 


+ - + 
+ 2 
+ R,R,NH + F H 


= - + 
ap |e) 
+ R)R,NH, + F 


w 
I 
Q 
tae 


H 
2 3, a ehees 5 


Alkaline hydrolysis of CH, (CF) .P(F) NH (CH,) gave two 


molar equivalents of fluoroform, leaving the CHPO ion 


3 
and an anion tentatively identified as CH,PO,NH (CH) © in 
the solution (equation 7). The mehs nmr spectrum of the 
2CH. (CF,).P(F)NH(CH,) + 5H,0 OH cH PONE (CH na 
3 32 3 2 <2 3 ith 


7‘ a Hd. CHONH eae 
+ CH,PO, + 2F + 4CP,H + CH,NH, 


hydrolysate showed only one signal at 120.6 ppm due to F 
anion, therefore no CF. or F remains attached to phosphorus. 


The 1 nmr spectrum showed three doublets at T = 8.87, 
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"8270, and 7.51.’ “Ihe more intense doublet at t =°8.87, 


due to the coupling of CH, protons with phosphorus, 


2 
( Jpn 


of CH,PO,. The other two doublets of equal relative 


intensity were assigned to the two CH. groups in 


3 


CH,PO,NH(CH,) . The doublets of the CH, 


to the nitrogen and the CH, group directly bound to the 


pale. Wes sand ane 15.6 Hz respectively) 


group attached 


} 3 
phosphorus ( Jou 


arise from coupling with the phosphorus atom. The 


assignment of the CH. group attached to nitrogen atom 


76 


3 
(t = 7.51) was made by analogy to (CH,) ,N(F) PO, | 


(t[ (CH) ,N] = 7.40). No further splittings were observed 
upon expansion of the spectral signals. The parameters 
are given in Table 2. 

Neutral hydrolysis of CH, (CF) .P (F) NH (CH) yielded 


one molar equivalent of fluoroform, leaving the 


F 
CH, (C 3) PO, 


ion in the solution (equation 8). 


ae 2 HH. (CE 
CH, (CF) oP (F)NH(CH,? HO eee 3! 3) PO, 


(8) 


+ -_ 
Hoe CH NA 
ay CF, 34H ae as 


= 15.8 Hz), was assigned to known proton TeGonaGes> : 


26%. 
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Footnotes for Table 2 


7 tT relative to internal Tetramethylsilane, t = 10.0. 


¢ relative to internal (solvent) CFCl, standard with 
positive values indicating resonance to high field of 


standard. 


CH. group attached to nitrogen 


3 
CH, group attached toe phosphorus 
doublet 


quartet 


doublet of quartets. 
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TABLE 4 


Mass Spectra Data For PF 
p 4NCH, (CHC. H,) 


m/e Intensity* meen ines 63 
137 6.32 PF ,NHCH, 
136 2.71 PF NCH, 
131 1.04 PP NCH, 
128 0.90 PF NCH, 
119 0.84 BF NCH,» EA Pek 
LS 9.03 PF NCH, 
149 0.52 PF 4NCH, 
116 2°26 PF NCH, 
115 3.39 PF NCH, POF NCH, 
114 3.39 PF NC 
142 Ls O7 PFNC5H, 
107 21.67 PF, 
105 ae NCHC H, 
104 2 a2 NCHC (H., PF NH, 
103 2.56 PF NH 
101 0.45 PF CH 
96 0.65 PF NCH 
94 1202 PFC 
91 sa ies CHSC (H. 
88 Ne Bs PF, 
87 %.56 CoH 
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TABLE 4 (continued) 


86 0.95 PF NH, 
85 PAE ALS) POF, 

84 0.77 PF NH 
81 1.29 PFNCH 
78 0.56 PFNCH, 
Ua) 0.61 PFNCH 
69 8.58 PF. 

67 0.97 NH,CF., 
66 0.65 NHOCF. 
65 2.56 NHCF., PFNH 
63 0.70 PFHC 

oN 0.54 PNC 

55 0.49 NH,F, 
51 0.97 PFH 

50 0:..97 CF, ,PF 
47 tel? HNCF, PO 
44 1.24 C,H EN 
43 0.54 CoF 

42 0.45 CoH,N 
41 0.84 CoHN 
39 0.61 CFH 

a2 24 PH, HCF 


' Intensity is expressed as % total ionization based on 
the sum of the intensities of ions with m/e greater than 30. 


, Assignments of some ions are given in terms of the 


structural formula for ease of recognition only. 
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Mass, Spectra of the Phosphoranes 


In common with other pentacoordinate phosphorus 
compounds, >! the mass spectra (Tables 3 and 4) of all of 
the phosphoranes presented herein showed no parent ions. 
The characteristic fragments corresponding to (CRAP Ee 


a 
PAF 
and (CF ( NCH, (CHC H,) from (CF) ,P (F) NCH. (CH Che), 


3)2 2-6 5 
+ + 
(CN a and (CF,) ,P(F)N(CH,) from (CF) ,P(F)NH(CH,), 


4. + ie 
CH, (CF) P(F) NH (CH) and CH, (CF) .PF from CH, (CF,). 


+ 
P(F)NH(CH,), PF, from PF ,NCH, (CHC, H,) (Table 5) 


strongly suggested their derivation from the indicated 
parent molecule by loss of one of the substituents. 


In (CF) ,P (F) NH (CH,) and A gis a NCH ACH CoH s) 


the most intense peak was observed at m/e 69 which was 


principally CF a ion but also contained small proportions 


m4 


3 


In CH, (CF) ,P(F) NH(CH,) and EE CH e 


(m/e 107, 


of PFS” HON. 
(CH,C,H.), CF,PN’ (m/e 114, 16.98%) and PF,” 
21.67%) were found as the most intense peaks respectively. 
The remaining features of the mass spectra of phosphoranes 
were characterized by loss of substituent groups and/or 

CF. elimination. The more stable phosphorane, CH, (CF) ,- 

P(F)NH(CH,), gave a significant proportion of the ion 
CH, (CF,)P(F)NH(CH,)” (m/e 164, 13.55%) by means of CF, 
elimination. The ions Cr AEEew (m/e 157, 143952). trom 


+ 
(CF) ,P (F) NCH, (CH Geo) <and: cr PFNH (CH) (m/e 168, 


PRN SINS 3 
9.2%) from (CF) ,P (F) NH (CH) can also arise froma CF. 
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elimination process. [In PF ,NCH, (CHC H.) the abundant 


+ 
4 


+ 
21.67%), PF, (m/e 88, 7.45%) and PF,” (m/e 69, 8.588) 


+ 
fragments; PF NH(CH.) (m/e 137, 6.32%), PF (m/e 107, 


arise from the loss of NCH, (CHC H,) group and/or F 


elimination. 


(CF) ,P (F)NH(CH,) 


3454w 
2952sh 
2832w 


g192s 
1162vs 
1140s 
1105vs 


1074vs 


1044m 


TABLE 6 


Infrared Spectral Data” 


P H 
(CF,) ,P(F)NCH, (CH, C,H, 


3270w 
3080wsh 
3040w 
2970wsh 


-1370m 
1340vw 
1300m 


1210vw 
1190vs 
1150vs 
1120s 


b 
) CH, (CF,) .P (F)NHCH, 


3500s 

3000sh 

2980m A 
2920sh 

2850w 


bo ire 
1470m = 


1438sh 


1380w 
1320w toa CH, 


1220s 
1190vs 
1170vs Ve 
1160vs 
1120s 


41. 


“3S 


MOT RE 


ange t 


va 


TABLE 6 (continued 


= 720m 730m 
690vs 690m 680s 
631w 630m - 
604s 590s 600sh 
583m ~ 550m 
542sh = 530sh 
522vw ies B! 
510vw - 490w 
460w 480wsh 455m 
= - 430sh 


-l 
gas phase spectra all values in cm . S = strong, m= 
w = weak, v = very, sh = shoulder, v = stretching, 0 = 


sym = symmetric, as = asymmetric, ? = a very tentative 


: liquid film spectrum. 


PCF 


medium, 
deformation, 


assignment. 
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TABLE 7 


Infrared Spectral Data® 


eae ee 


b 
PF NCH, (CH,CH,) PF N(CH.) , 
opel Ske aePiet: enor alae». Ubemcmis hg ety eealon nied aah iain aes De 
3080sh 2960 
3040s 2900 Vo-H 
2940m 2860 
1610w os 
1500m zs 
1450s 1464 Sa5CH3 
1420m ~ CsymeH3 
= 1368 
sat 1300 Tee 
1175s 1211 CH, rock 
1028m 1042 Vago 
962vs 950 
874vs 882 (doublet) Vp_F 
762s - veo cs) 
700s 701 
580m - 
540w - 
510w - 
480w = 
470w = 


i‘ gas phase spectra all values in cm. s = strong, m = mediun, 
w = weak, v = very, sh = shoulder, Vv = stretching, oO = deformation; 
sym = symmetric, as = asymmetric, ? = a very tentative assignment. 
b 


Ref. 55. No relative band intensities were given. 
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infrared Spectra of the Phosphoranes 


The infrared spectral data are summarized in Table 
7. Bands associated with C-H stretching frequencies 


and with P-CF and P-CH, structure units are readily 


observed in the expected regions. The assignments given 


in Table 6, based on qualitative group shift arguments 


53,54 


derived from related molecules, must be regarded 


as very tentative. The bands at 1044 cm + in the spectrum 


of (CF) ,P (F)NH(CH,), at 1000 cm + in the spectrum of 


it oi 
(CF) 3P (F)NCH, (CHC HH.) , -and™at- 1090-'cm in the spectrum 


of CH, (CF) ,P (F)NH(CH,) are undoubtedly due to the PNC, (or PNC) 


2 
structural unit in the molecule. The band at 690 om + in the 
spect £) tCE PAX.) NH (CH a e(Cr P(E). NCH 
pectra_of "f 3)3 (F) NH (C 3) and ( 33 (F) NC 3 (CHAC HL) 
and at 680 cm? in the spectrum of CH, (CF) P (F) NH(CH,) can 
be assigned to P-F stretching vibrations.>° 

The assignment of the ir spectrum of PF {NCH (CH,C H,) 


was made by analogy to PP) (CH (Table 7), the correspond- 


3)2 
ing bands at 962, 874, and 700 Cranes aaeniear veal ies 
originating from P-F modes, and a band at 762 cm + as 
the P-N stretch. The peaks at 3040 and 2940 cmber tasty 
the range which is characteristic of the N-CH, group. 


A band at 1028 cm + was assigned to the antisymmetric 


7, 
stretching mode of a N-C, group. 
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CHAPTER 3 


GROUND STATE STRUCTURE AND STEREOCHEMISTRY OF 


SOME PHOSPHORANES. 


The ground state structures of the present series of 
phosphoranes can be deduced from the limiting low-tempera- 
ture nmr spectra. It is reasonable to assume that the 
basic structure of these molecules is a trigonal bipyramid 


0,58 


in keeping with the few Soneles: of this structure in 


analogous molecules and in agreement with the extensive 


14,2 5 
re : and vibrational e spectroscopic studies of closely 


related molecules. 
the \Ground 'Staterotructures of (CF) ,P (F)NH(CH,) and 
(CF ,) ,P (F) NCH, (CHC H.) 

The two new tris(trifluoromethyl) phosphoranes, (CE) 7 
P(F)NR,R, a es RF = H, Ro = CH3 Clete: Ry = CHa 


Revs. CH possess structure B (Fig. 4) analogous to that 


2 tees 
of tris (trifluoromethy1)aifluorophosphorane *- (structure A, 
Fig. 4), according to the low temperature nmr spectral data. 
Methylbis (trifluoromethyl) fluoro (methylamino) phosphorane 
and N-methylbenzylaminofluorophosphorane have structures 
D and E respectively analogous to the molecular structures 


of their respective parent molecules CH, (CF) PF (Cy Pag, 4) 


2 
and PF er again according to nmr spectroscopy. The 
ground state structures of the phosphoranes are those 
predicted by application of the rule that the most 


electronegative substituents preferentially occupy the 


axial positions in the trigonal bipyramid as first 


45 


H 
j 
q i 1 z 
cae | A , My J | 
i Sy, {A 
ii | 
| ; 
; 
roe . ” “ nae 
F Aga eink” Galt Bl Be 7 ! 
rv ad tt ae 
i 
: ' 
ora ; My 
pies nal vy Ovary eek 
- Be tes OT | CAN 
is a 
f i ¥ 7 
i p fi i i 
7 ; ‘ioe 
: ( ay 7 py 7 
it ; ft ap) 
ayo) ‘ Le 
r oy 
ane ay) is 
| ' 
2 es 
i 5 
oo | 
: 
y 
5 i 
ep F 
i) My - 2 " , ; . 
¢ 
A, 
isi se 
sada i ? hal 4 
4 i fis yi avi vib yrs oi” ; ur 
Ji Waa) a Sn Sale miei: 
! ae | Ke 
* Z 
‘ { i ee a 
5) he . 7 arte 
i 
ea 
~ | | 
r 
Sm yam rm 7 
i Ss} i% } 
ur . , Ai : ry 
| an . ; 
‘5 
im 4g @ » + 
= i tr = be 
- 
. 3 q y ii tgs’ - 
: : Po ee ett 2 
Totten ne hana any Osetra a = 
q af — nae : o p's 
ote ae 4 . ir sel y , 
Pree we hey 4 a > 
i 
i 


. | 
: " A 
ios oe  eumgetel iA eee ir 
ul : ‘ os aa a 
ee giao? sand ia 
a a oP. | . : > Low - me 7 e5a) 
owns” ote — a » 


“61 i ant een e) 


:  o- 


46. 


of 
of 
a 
poe aan 
eae ay) 


CF; 


) 
> 
oO Oe) 
Va a oe 
vy fr un? 
be See! oO €) 
\ t] 
\ | 
s 
1 
\ 
\i 
a? 
O 
= 
O uf? 
Wo O 
a 
\ 
uw—r.a ! uw () 


Structures of the Phosphoranes 


Figure 4 


proposed by Muetterties et. ch Thus fluorine 


preferentially occupies the axial position whereas CH, 


NH(CH,), NCH, (CH Hy) prefer equatorial positions, either 


26 
as a result of their low inductive character (i.e., Oo, 


is relatively small) or as a result of stronger m inter- 


actions between these substituents and phosphorus in 


6,7,24 


the equatorial plane. CF. groups, which appear to 


3 
possess no strong preference for either position, occupy 
the remaining positions in the five-coordinate molecular 
framework. In all cases the ground state structure can 
be deduced from low temperature 19), and 31, nmr 
spectroscopy [and from the Sate spectrum in the case of 
(CF) ,P (F) N(CH.) (CHC H.) }. | 

The normal (+31°) temperature 1. spectra of (CF) 4 
P(F)NH(CH,) (I) (Fig. 5) consists of a doublet with 


Joy = 11.5 Hz, due to coupling of protons with phosphorus. 


The spectra of (CF) ,P (F) NCH, (CHC H,) (iT). (Fig. 6)eunder 


the same conditions shows three chemically shifted regions 


in a 5:3:2 intensity ratio arising respectively from phenyl 


(CoH), methyl (CH,), and methylene (CH,) groups attached to 


nitrogen. The phenyl region shows a sharp singlet at 

t = 2.76 ppm and the CH, and CH, regions consist of a 
doublet of doublets and a doublet, respectively. The 
major doublet is due to si ey coupling of the CH, and 
CH. protons with phosphorus atom; the CH, protons are 
further split into doublets due to the coupling with the 
single fluorine eae) directly bound to the phosphorus 


atom. In the CH, region, the fine structure of doublet 
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Figure 5 NMR spectra of (CF) ,P (F) NH(CH,) at +31° obtained 


in’ a solution of CFCl,- Scale values refer to shifts (in 


Hz) from crcl, and TMS respectively. 
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(CF), P(F) N(CH,)CH,C,H, 


"9 (56.4 MHz) 
+ 31°C 
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SER sat Me eriecal Di er a hi 


are ed eeerer eee oe ay a ee 
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H (100.1 MHz) 
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Figure 6 NMR spectra of (CF) ,P(F) NCH, (CH,C/H, at +31° 


obtained in a solution of CFC1,/CF,C1 Scale values refer 


Pe 
COVSNLEts «Cin Hz) efrom CFC1, and TMS respectively. Impurity 


lines are marked by an asterisk. 
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Footnotes for Table 8 


¢ + relative to internal Tetramethylsilane, t = 10.0. 


b : ; : 
@ relative to internal (solvent) CC13F standard with 
positive values indicating resonance to high field of 


standard. 


ppm vs PAO. as external standard (capillary), positive 


values indicating resonance to high field of standard. 
CH, region, doublet 

CH, region, doublet 

CoH. region, sharp singlet 


doublet of decets obtained from expansion of CH, region 


3 
doublet of quartets of decets 

broad doublet 

relative intensity in arbitrary units 

doublet of multiplets 

CF. equatorial 

CF. axial 

two overlapped septets 

doublet of two overlapped quartets 

P doublet of decets 


q doublet of septets of quartets 


¥ obtained ab 55. .C 
S doublet of broad multivlets 
te 


broad multiplets 


\ obtained from ys ~ foi nmr spectra 


axial signal is broad and unresolved therefore the 


coupling constant cannot be obtained from the ae spectra. 


sve shone te ng ft Rigi ceactrape: 
xen Sagan te is wee, sigue? yt: “at 


Doe 


of decets is caused by the coupling of the protons with 


“nine equivalent fluorine nuclei of the three CF, groups, 


3 


thus confirming the presence of three CF, groups in the 


3 
a 

molecules. The low temperature H spectrum of (I) showed 

no Signal from the NH group. At -40°, the CH, region 


of (II) showed a broad doublet. As the temperature 
was further decreased, the doublets of both the CH3 and 


the CH, regions became broader, suggesting onset of 
inequivalencies arising from frozen molecular conforma- 


tions. All nmr data are summarized in Table 8. 


The 19, nmr spectra of (I) and (II) at normal 


instrument temperature (+31°) showed only two distinct 
fluorine atom environments due to the three equivalent 
CF, groups and the single fluorine respectively. The 
latter signal comprises a doublet of multiplets (doublet 
of quartets of decets in (II), doublet of decets in (I)) 
(Fig. 7 and 8 .), characterized by a large coupling 
constant (~859 Hz)-due to hae The magnitude of tise 
clearly indicates that the fluorine is directly bound 

to phosphorus?> even in the solution state at ordinary 
temperatures and confirms the phosphorane°® formulation. 
Small couplings within each component of the doublet 

arise from coupling of this single fluorine to the 

fluorine atoms of equivalent CF, groups Ga) and to 

the protons ape of the fifth substituent. The spectra 
obtained at 56.4 MHz showed the ie signal of the CF, region 


of (II) to be a doublet of doublets (Figure 6 )'. 
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Figure 7 


na (94.1 MHz) nmr spectra of (CF) ,P (F) NCH, 


(CHC H,) at various temperatures obtained ina 


solution of CFC1,/CF,C1 Scale values refer to 


Das 
shifts from CrCl, in Hz. Impurity lines are 


marked by asterisks. 
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Figure 8 Fluorine nmr spectra of (CF 3) 3P (F) NH (CH,) at +31°, 


and -40° obtained on a solution of the compound in CFC1.- 
The frequency scale gives shifts (in Hz) from the CFCl, 


reference. 
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2 
The major doublet is due to J (~106 Hz), the average 


PF 
value of the coupling with phosphorus. The smaller 


doublet within each component is due to coupling with 

the single fluorine (eos) directly attached to the 
phosphorus atom. The signals obtained at 94.1 MHz 

showed an overlapping of two broad singlets in (II) (Fig. 7) 


with an average coupling constant 25 of 108 Hz, a broad 


PE 


56. 


Singlet and an intermediate collapsed doublet in (I) (Fig. 8). 


Fluorine nmr spectroscopy of (I) and (II) at progres- 
Sively lower temperatures showed that the signal due 
to the single fluorine atom was essentially unaffected 
except for loss of the multiplet fine structure within 
each component of the major doublet, most probably as 
a result of increased multiplicity and some broadening 
due to solvent effects. The signal due to CF, resonances 
resolved at -40° in both compound (Fig. 7 and 8) into 
two chemically shifted regions with 2:1 relative intensity. 


In both of the above spectra the more intense signal 


appears as a doublet of two overlapped quartets due to 


45 (I35Hz. inf tL) Pe1Shhzhineat) peceuplengstomthesaxialccr 


EF 


group and aoe (L6mHz vin “(1)4 <18ehz2ein (ir) scouplingsto 


the single fluorine. The relatively large value of 


3 


*Ipp (€9). is clearly shown by the major doublet structure 
in the stronger signal. The weaker signal, comprised 
of overlapped septets in II and a multiplet in (1), is 


4 
due to the relatively smaller value of Jpop (2x) - 
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Although not clearly resolved in the ae spectrum, this 


value can be unambiguously obtained from the low 


te ot Gt spectrum. 


Sd 


temperature 
At high temperatures the ~'p ~ {ty} spectrum, (55° in 

(I), 34° in (II)) became a doublet of decets (the outermost 

unit intensity lines were not observed) due to coupling 

of phosphorus with nine equivalent fluorine nuclei of 

the three CF, groups. The signals collapsed and resolved 

into a doublet of septets of quartets at -30° in (I) (Fig.9) 

ena —60° am (11) (Fig. 0). The.major wdoublet. is*due. to rane 

coupling with the single fluorine. Each of the doublets is 

coupled with six fluorine nuclei of the two equatorial 

CF, groups ("52 (eq) to give the major septet and with 

three fluorine nuclei of the axial CF. group to give 


the minor quartet observed. 


In (CF) ,P (F)NCH, (CHC H.), additional effects are 
observed in the 195, and 35 spectra upon cooling the 
sample below those required to clearly distinguish the 
CF, environments. The 19), spectrum at temperatures below 
-40° (Fig. 7) showed the broadening of the lines and loss 
of coupling constant structure in both portions of the 


spectrum assigned to axial and equatorial CF. groups. 


3 
The Ae spectrum at -120° showed a doublet in the. equatorial 
region and broad bands (rel. int. 1:2) in the axial region. It 


seems reasonable to suggest that cessation of additional 


averaging processes such as P-N bond rotation or nitrogen 
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Figure 9 Observed and calculated phosphorus nmr spectra of 
(CF) ,P (F) NH (CH. ) at -30°. The frequency scale gives 


chemical shift values relative to PAQ.- The stick diagram 


shows the origin of the pattern which is a doublet of 


septets of quartets due to two axial CF, groups (Gomre 49.6 


Hz) and one equatorial CF, group (oes, 133.1 Hz) attached 


to phosphorus. 


{ NA bene 
dhs Cth 
* : i 
- > | 
nN 
i) ) id 
Sh 
‘ i 
= t 
; = 
- 
! 
' i 
7, ” 
1 a 
{ 
i 
s 
‘ 
' 
4 
1 
, 
1 
sd 4 himeg 
‘ aid tt 
. i t ‘ oe 
{ 
‘ ev: 
meme 
1 ty 
r i aor 


hae. ee A <| set sels ean: 


Se Pe 
te o£: i = bea LP Cea as Pa Re 


N 
aie 
SC Oo 
. S 
E 
5 ie 
ne 
O 
o 
Q. 
WY oO 
ro 
==, (@) 
& ie 
: S 
: O 
2g ‘O 
| i 
Si 
S 
Pa ~ 
Oo 
QQ. t 
a 
oO 
= 
U w 
Ce) i] 
© st) 
Oa 
’ QW 
u x< 
b- lu oO 
oO 
= 
ay 


Figure 10 Observed and calculated Phosphorus nmr spectra of 
(CF,) P (F) NCH, (CHC. H,) at -60°. The frequency scale gives 
chemical shift values relative to PA%- The stick diagram 
illustrates the formation of the pattern of a doublet of 
septets of quartets due to two axial CF, groups (Soe, S327 
Hz) and one equatorial group (Saas 130.6 Hz) attached to 


phosphorus. 
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inversion at these very low temperatures or possible 
cessation of free rotation of the axial CF. group creates 


inequivalent F atom environments within the CF. group and 


3 
thus the complex spectra observed. We might expect to 


observe an A,B pattern from the axial CF, group consider- 


3 
ing the projection below: 


however the spectra are not clearly resolved in the 

present case. The a: spectrum also showed increasing 
complexity beyond that ascribed to the resolution of 
distinct axial and equatorial environments for the CF, 
groups below temperatures of the order of -80°. 
Unfortunately, the spectra are not fully resolved and 
therefore are not assignable and solidification of the 
sample prevented additional cooling. The dynamic nmr study 
of CF, permutational interchange in (CF) 3P (F) NCH, (CH C,H, ) 


3 
along with that of (CF) ,P (F)NH(CH.) are discussed below. 


The mae © tty} nmr spectrum of (II) (Fig. 11) in the 
aromatic region showed the four signals expected for a 


monosubstituted benzene derivative (Table 9). Assignment 


of the carbon signals was done by recognizing that. 
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(CF), P(F)N(CH)(CH,C.Hg) 


"30 ~{"144} (22.6 MHz) at 304°K 


CH, 
CH, 
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3¢ {196} (22.6 MHz) at 193°K 
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Figure 11 The upper portion of the figure shows the 
se af ° 
Cc ~ {-H} nmr spectrum of (CF) ,P (F) NCH, (CH,C,H,) at +31 
(304°K) obtained in a solution of cD,Cl.. The lower portion 
13 


shows the Cun vf 92} spectrum of the same compound at -80°C 


(193°K) also in cD,Cl.- The frequency scales give chemical 


shift values from ia CH.) Si (in Hz) both cases. 
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TABLE 9 


3 
is . 
ae NMR Data of (CFs) PUP NCH, (cH \é 


on 5 
Tem Region ee J.) eth 
P g ee ae cy (HZ) 
+31° CHa 3g.4>¢2 a 56.00 
CH, 58.49 12.2 68.009 
a 136.3>°° 2.0 = 
sea 129.4 +2 6.0 162-0". 
a 
coy i234 = 15800 °° 
td 
1 
C, 123-077 - uncertain 
445° CF, 124oG c= 200[av]? = 
+60° CF, 15a 1oeifavie’ = 
1 
~80° cF, (eq) pai ae MGSO iiae = 
Ge a(ax ji) 012675 aae Orn 


measured values (vs. cD,Cl,; o = 53.6 ppm) have been 
_converted to cue s3 reference scale. Positive 
values indicate resonance downfield of standard. 


b 1s 


obtained from  ~C ~« {tH} spectra. 


13 


obtained from ~~C~ atch a spectra. 


obtained from off-resonance decoupling technique 
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Footnotes for Table 9 (continued) 


e 


£ 


g 


doublet 


quartet overlapped with the signals from cD,06D)4 


triplet of doublets 
doublet of doublets 
singlet 


the weighted average of the axial and equatorial spe 


values 
using diy methylcyclohexane as the solvent for high 


temperature measurement 
relative intensity in arbitrary units 


CF, equatorial 


* axial 
CF. 


63. 


a ena 
ve t, ee 
: f 
uu 
yt. LSC ROMER SE 
ae ay 


ois ee! Sle git eee 


\ i =7 
uf * 
x 
ae 
# 
rd 
a Li . 
= rt 
fa a 
, 
} 
i 
u 
, 7 
* iy 
i; 
{ 
i ae a 
~~ “. 7 - 


the lack of an attached proton prevents Cy from experiencing 
a nuclear Overhauser effect thus, the Cy resonance was 
readily assigned to the weakest signal. The doubling of the 


Cy Signal may be due to ae coupling with the P atom. Next 


the C, Signal was distinguished from the C. 6 and Cc. 5 


Signals on the basis of relative peak intensities. 


Distinction between the C. 6 and Cc, 5 resonances was 
v a 
13 


facilitated by a consideration of the fluorine-decoupled C 


nmr spectrum (Fig. 11). The doublet structure of C. 6 and 
e 


c, 5 signals is due to the coupling from proton directly 
7 


attached to carbon. Each member of the Co 6 doublet showed 
a 


another doublet fine structure of about 6 Hz arising from 


Ipc: The assignments of UG and Cais Signals are also 
13 


consistent with ~~C nmr data on phenyl containing com- 


pounds ©+~°? which invariably show the C, , resonance at 
a 


lower field than that due to 3/5" 
The other signals at higher field, a doublet and a 

Singlet, were assigned to methylene (CH,) and methyl (CH) 

carbons respectively (Table 9). The assignment was assured 


cS which allowed 


by off-resonance decoupling technique 
multiplicity due to H-C coupling to be observed. Under 
these conditions the methylene signals comprise a triplet 
of doublets due to two directly attached hydrogens. Each 
component of the triplet showed a doublet due to the 
coupling with the phosphorus atom. The methyl signals 


were overlapping with the signals from deuterated methyl 
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cyclohexane which was used as a solvent, therefore the 


15 value in the methyl group was only approximate. 


At 153°R, the’ *c A fe 


CH 
F} spectrum of (II) consisted 


of a pair of doublets with a relative intensity ratio 
of 2:1. The more intense doublet with the larger coupling 
constant Gemel: 263 Hz) can be assigned to two equatorial 


CF, groups and the doublet of lesser intensity with the 


smaller coupling constant fone 59 Hz) to the single 
axial CF, group since the oe values appear to correlate 


linearly with wire ainese Ati333°K, ‘ther distinction 


between axial and equatorial environment is lost and 
the resultant average value of the coupling constant 


eae 198 Hz) is in good agreement with the weighted 
average of the above axial and equatorial ae values. 


The Ground State Structure of CH, (CF) ,P (F)NH(CH,) 


1. 
The “H nmr spectrum of CH, (CF 3) >P (F) NH (CH,) (LIT), (Fig. 
12 and 13) at normal temperature (+31°) shows two chemically 
shifted regions in a 1:1 intensity ratio arising from the 


CH. group attached to nitrogen and the CH 


3 group directly 


3 


65. 


bound to phosphorus. The former region consists of a doublet 


of doublets due to 35 coupling with phosphorus and 35 


PH HH 


coupling from H attached to nitrogen. The latter 


comprises a doublet of doublets of multiplets. The major 


. 2: , 
doublet is due to Joy and the minor doublet arises 


from 35 coupling of the CH, protons with the directly 


HF’ 
bound F atom, and the remaining multiplet fine structure 


arises from qa coupling of the protons with the six 


a _ ey ~ = y 
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Footnotes for Table 10 
ay relative to internal Tetramethylsilane, t = 10.0 


b : 7 ; : 
¢ relative to internal (solvent) CFCl., standard with posi- 


| 3 
tive values indicating resonance to high field of standard 


ppm vs P40. as external standard (capillary), positive 


values indicating resonance to high field of standard 
CH3 region, doublet of quintets 


CH. region, doublet 


2 
CoH. region, sharp singlet 
3 doublet 
quintet 
obtained from °4p ~ {tw} spectra 
Jj at 233°K 
doublet of triplets 
F equatorial 
F axial 
F' axial 
triplet of triplets 
P CH. group attached to nitrogen 


3 
q CH, group directly bound to phosphorus 


doublet of doublets 

doublet of doublets of multiplets 

broad doublet 

doublet of doublet of overlapped quartets 


CF. equatorial 


3 


CF, axial 


* obtained from te “ {+H} nmr spectra 


Y doublet of quartets of quartets 
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fluorine nuclei of the two CF groups. All nmr data is 
summarised in Table 10. 


The normal (+31°) temperature 19), nmr spectrum of the 


CF. region of (III) (Fig. 14) shows two chemically shifted 


equal intensity CF, signals which consist of a well spaced 


3 
doublet of doublets of quartets with a large value of 


Ae and a doublet of doublets of overlapped quartets 


which indicate a smaller relative value of foe The 


major doublet is due to the coupling of fluorine in 
CF, group with phosphorus. The minor doublet arises 
from pes coupling with the single fluorine directly 
bound to phosphorus, each component of which was further 


split due to cae coupling from three fluorine atoms of 


the second CF, group. These spectra are best understood in 


terms of the ground, state) structure: D (Fig. 4) in which one 


CF, occupies an axial position (characterized by a small 


3 
ere, value) and the other CF, group occupies an equatorial 
position (characterized by a relatively large 25 watue~) 


PE 


in a trigonal bipyramid. It is also notable that the 


3 group, cvs and trane to the 
: ee 3 
axial fluorine respectively exhibit the same “J 


equatorial and axial CF 
FF 

coupling (~15 Hz). The signal due to the single fluorine 
atom directly bound to phosphorus consists of a broad 
doublet which shows no fine structure within each component 
of the major doublet, most probably because the large number 


of lines leads to a non-resolvable multiplet. 
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Figure 14 


ate (94.1 MHz) nmr spectra of CH, (CF,),P(F)- 


NH (CH,) at +31° obtained in a solution of CFCl., 
containing a capillary of TMS in CFC1.. Scale 


values refer to shifts from CFCl, (cap) in Hz. 
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31, ~ {tH} spectra at normal temperature (Fig. 15) 


The 
consisting of a doublet of quartets of quartets also 
confirmed the ground state structure D (Fig. 4). The major 
doublet is due to the coupling of phosphorus with a single 


fluorine directly bound to phosphorus. The additional fine 


structure arises from * Ipp (ed) and 25 pax), coupling of 


P 
phosphorus with the three fluorine nuclei of each CF, group 
in the equatorial and axial positions respectively. 

At elevated temperatures the 225 ~ (ont spectrum 
was transformed into a doublet of septets due to the 
exchange permutation which rendered the CF. groups 
equivalent. The free energy of activation for the 


equilibrating process is RC tele Stucke 4 kcal/mole at 


25°. The details of the exchange process are discussed in 


Chapter 4. 


The Ground State Structure of PF NCH, (CHC /-H.) 


1 
The “H nmr spectrum of PF NCH, (CHC H,) (Iv) at 


normal instrument temperature (+31°) consists of three 
chemically shifted regions arising from phenyl (CHL). 
methyl (CH), and methylene (CH. ) Protons in. oss 32 
intensity ratio. The phenyl proton signal was a sharp 
singlet. The doublet in the methylene region arises from 


35 coupling of proton with phosphorus atom. The 


PH 
: 3 
methyl region shows a doublet of quintets due to Ue 
4 5 
coupling from phosphorus and Joy coupling from four 
equivalent fluorine nuclei. The chemical shifts of the 


three different types of proton are consistent with 
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Figure 15 Observed and calculated (31 ~ (1y}, 36.4 MHz) 
nmr spectra of CH, (CF) ,P(F) NH(CH,) at +33°. The frequency 


scale gives chemical shift values relative to P The 


merge 
stick diagram illustrates the formation of the pattern of a 


doublet of quartets of quartets due to one axial CF. group 


(dae 35.4 Hz) and one equatorial group fed pee 124.6 Hz) 


attached to phosphorus. 
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those shown by (CF) ,P (F) NCH, (CH,C,H,). 

The ae nmr spectrum of (IV) at normal temperature 
(Fig. 16) showed only one fluorine environment. The spectrum 
obtained at 56.4 MHz comprised a doublet of triplets of 
multiplets. The major doublet is due to au, the coupl- 
ing of four equivalent fluorine nuclei with the phosphorus 
atom. Small couplings within each component of the 
doublet arise from coupling of the fluorine nuclei with 
protons of the methylene TAGs.) =D 25> Hz). and the 
methyl groups. The spectrum obtained at 94.1 MHz at similar 
temperatures showed only the major doublet. At 
progressively lower temperature fluorine nmr spectros- 
copy showed that the fluorine nuclei were not equivalent, 
The signal coalesced at -30°C and resolved into three 
doublets of triplets at -100° (Fig. 16). The major 
doublet is due to the coupling of eienne with phosphorus, 


The triplet of each component is due to 25 coupling 


FF 
of two axial fluorine nuclei with two equatorial fluorine 
nuclei and vice versa. 

If the equatorial 19, resonances appear at higher 
field vs. the axial 19, resonances as is usually found, /° 
this spectrum is consistent with the ground state structure 
in which the equatorial fluorines are equivalent but the 
axial fluorines have been rendered chemical shift 


nonequivalent due to the orientation of methyl and benzyl 


groups attached to nitrogen, thus the P-N bond rotation 
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has ceased. The spectrum is characterized by the para- 


meters, given in Table 10. Note that the 1, for each 


PF 
of the individual axial F atoms are similar mies Pap kee Ua 
a 
01 ", 786 Hz) and the signals are well separated (A 9, 
a 


2.4 ppm). 

The low temperature er spectra also proved to be 
informative. On cooling from -30° to -90°, the 31, 
spectrum of (IV) changes from quintet (Figure 22 ) toa 
triplet of triplets (Figure 17) as a result of the 
transformation of equivalent fluorine environment for 
all four fluorines at -30°, presumably arising from an 
intramolecular exchange process, into two distinct 
environments (axial and equatorial); with a pair of axial 
fluorine nuclei and a pair of equatorial fluorine nuclei 
at the lower temperature. characterized by the coupling 
constants Jor, = 920, dp eleva) = 784 Hz. Upon further 
cooling to -100° the 31D spectrum showed possible non- 
equivalencies of axial fluorines expected as a result of 
the asymmetry of the nitrogen ligands in additional 
unresolved splitting of the lines 2,5, and 8 of approximately 
8 Hz, as sketched below, however detailed assignment of this 


spectrum in terms of the assymmetry at nitrogen was not 


possible. 
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The compounds (I) and (II) show two CF. environments 
with a relative intensity ratio of 1:2 and compound (III) 
Similarly shows two CF. environments with relative intensity 
of 1:1 at appropriate temperatures as expected for 
structures B or D (Fig 4 ). The signal characterized by 
a relatively small value of me arises from the axial 


CF, group and the signal characterized by the larger value 


of mee is associated with the equatorial CF. substituents. 
Other interpretations of the foregoing data were 

considered and rejected. For example, the possibility 

of the coexistence of different isomers of (I), (II), 

(III) and (IV) is eliminated by the fact that there is 

only one Sire resonance. The possibility of a square 

pyramidal ground state structure’? seems unlikely because 

the chemical shift and coupling constant values are in close 

agreement with the data for numerous trigonal bipyramidal 


9,80,81 It is worth noting that to the 


phosphoranes. 
present time, characteristic nmr parameters have not 
been established for the square pyramidal phosphorane 


geometry. 
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CHAPTER 4 


PERMUTATIONAL INTERCHANGE BARRIERS OBTAINED 


BY DYNAMIC NMR SPECTROSCOPY. 


Like related fet ey ee ee the compounds 


(CF) ,P (F) NH (CH,) (d)e, (CF) ,P (F) NCH, (CH,C/H,) (EE) 


CH, (CF) .P (F) NH (CH,) (EDRT)s¢tand -PF NCH, (CH)C HL) (IV) 


4 
are fluxional. At ordinary temperature, the CF, environ- 


3 
ments of (I) and (II) are equivalent and axial and 
equatorial environments are detected at -40° (I) and 
-60° (II). These environments are visible in the ordinary 
temperature (+31°) nmr spectra of (III). The trend 
suggests that the barrier to positional interchange of CF, 
groups in these three phosphoranes follows the order 
Gill eve eb). a(n). Above::-30% alk -tour® Eluorines in 
PF ,NCH, (CHC -H,) are equivalent. At temperatures 
between -85° and -100°, 19, and 21 nmr spectra showed 
distinct axial and equatorial fluorine environments. 
Further splitting of the signals which may be due to 
nonequivalent axial fluorines has been observed at very 
low temperatures in both lr and 2a nmr spectra. 

Ranta ciuatene axial fluorine atoms have previously 
been observed in the nmr spectra of some di- and trifluoro- 
phosphoranes containing alkylamino substituents“, in 
the room-temperature ots nmr spectrum of 2,6-(CoH.) .- 

Goh S=NHPE 73 


G3 Ae 
[(CH,) CH] ,NPF 


and in the low temperature spectra of 
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The characteristic changes in the nmr spectra 
accompanying variation of the temperature were compared 
to calculated shapes for various rates; fitting the 
calculated spectrum to the experimental spectrum gave 
rate constants for the process at a specific temperature. 
An Arrhenius plot was prepared using these rate values in 
order to obtain the activation parameters (Eos the 
Activation energy; A, the frequency factor and AH’, 
enthalpy; As", entropy and Act, free energy of activation). 


The values of Act 


are taken as the estimate of the barriers 
of positional interchange processes in these phosphoranes 
and related known phosphoranes. 

The changes in the appearance of the oon and 315 
nmr spectra of the phosphoranes (I-IV) with reduced lowering 


temperatures arise from a combination of two effects 


Similar to those postulated to occur in RSPF deriva- 
tives and in pee ae (i) a slowing down of the 
equilibrating permutational process and (ii) the onset 
of hindered rotation around the P-N bond which may be 
coupled with nitrogen inversion. 


GE tt suggested that, "the 


Muetterties, et. 
difference in rearrangement rates for the amino and 
alkylthiotetrafluorophosphoranes is due to P-N multiple 
bonding, with the P-N bond rotation and a Berry rearrange- 


ment inextricably coupled". Since they have estimated 


the P-N rotational barrier as 11l.i kcal/mole, they 
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suggested that "the resistance to P-N bond rotation makes 
a major contribution to the Berry rearrangment barrier 

in R,NPF, molecules". The rotational barriers in PF ,X 
compounds, with X a substituent bearing a single 7 system, 
have been discussed by hereon: Cir Cle Wiehe the 
conclusion that an equatorial acceptor will prefer to 
have its acceptor orbital perpendicular to the equatorial 
plane, as in 18a, while an equatorial donor will prefer 
to have its donor orbital in the equatorial plane as in 


18b, mostly as the result of donor-framework 1 bonding 


effects. 


18a 18b 


Strich and etoulcece have computed the energy 
difference between the two conformations 18a and 18b in 
PF NH, using extended Hlickel calculations. Conformation 
18b with the nitrogen lone pair in the equatorial plane 
was found more stable than conformation 18a by 6 kcal/mole 
when d orbitals were not included in the basis set and by 
17 kcal/mole when d orbitals were included. The nmr 
spectra of some S-substituted thiotetrafluorophosphor- 
ee show nonequivalence of the axial fluorines, 


hence supporting conformation 18b as the most stable 


According to Strich and Veillard, “the aminophosphorane 
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molecule PF NH, is predicted to have a planar nitrogen 
in its most stable conformation 18b and a pyramidal 
nitrogen in the less stable conformation 18a, so that 

the rotation process around the P-N bond appears coupled 
to the inversion at the N atom." 

The principal factors which contribute to the 
rotational barrier about the P=-N bond appear to be steric 
effects and the possibility of nitrogen-phosphorus 
ce - qd oestng The rotational barrier in alkyl and 
arylamino phosphines increases with increasing size of 
the groups attached to nitrogen. /8 Since the groups 
were in general electronically similar, the principal 
contribution to the barriers was attributed to steric 
effects due presumably to crowding in the transition 
state. Additional contributions were thought to arise 
from DB = qd contributions to the rotational barrier 
which are possibly enhanced in the unsymmetrical compounds 
by an asymmetry induced in the P(3d) orbitals by virtue 
of the differing substituents on phosphorus. 78 The 
barrier to inversion at nitrogen | is decreased by 
bulky substituents because the presence of bulky 
substituents on nitrogen leads to appreciable nonbonded 
repulsions which are stronger in the pyramidal than in 
the planar state. As a consequence the pyramidal state 


is destabilized with respect to the planar transition 


state and a lower barrier results. 
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Figure 19 


Stepwise Interconversion by Means of P-N Bond 
Rotation and Inversion at Nitrogen for 


PF ,NCH. (CH)C¢H,) . 
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The projection formulae of the substituted amino- 


phosphorane, PF NCH, (CHC H) in Figure 19 indicate, 


within the context of the nmr time scale, that both 

rapid nitrogen inversion and P-N bond rotation are necessary 
along with the equilibrating permutation process in order to 
preserve the equivalence of the four fluorine atoms. 

If the splitting of signals observed in PF ,NCH, (CHC H,) 
at very low temperature (< -100°) is indicative of 
non-equivalent axial fluorine atoms then the rotation 
around the P-N bond which appears coupled to the 
inversion process at the N atom has ceased and the methyl 
and benzyl groups on nitrogen exist in a fixed position 
relative to the axial fluorine atoms. 

Analogous arguments account for the changes in the 
appearance of 19, and a nmr spectra with temperatures 
of the other phosphoranes. 

Analysis of the temperature dependence of the ahy 


nmr spectrum of PF NCH, (CH C_H_) -(IV) shows that the 


4 2. ONS 
conversion 20a ==20b, occurs with pairwise exchange of 


~~ 


axial with equatorial fluorine environments, in 
parallel to that established for (cH NE), Se indicating 


that a Berry or equivalent process is involved. 


F* F 
* 
F oF 
(CgHgCH2)CH4N Bx aa (CgHgCH,)CH.N P 
Ss No 
ig F 


w te 


EBERT Sey ee 


Nib 2) 


eee stake es sod tte to 
2h, JB, ot 0 sroneeda, , : | 
* are an nf a 
votanaes ane Cd aor oni 
pelt tah 


Cyl top, hI Dati manent: ood 


ne | pang og eek if é at ah, din | 


anit send ea nh 


t, 
‘ Q) } | | 
ec 
oe i i ieee 
ay ” | 
Cer 
if 
F 4 a! 
w q 


86. 


At low temperatures (between -85° and -100°) 
structure 20 is frozen; the methylbenzylamino group and 
two of the fluorines occupy equatorial positions, and 
two fluorines occupy axial positions. Above -30° all 
four fluorines become completely equivalent. 

The calculated spectra included in Figures 22,24,26, 
27,28,29, were all obtained using the computer program 
Excusys°8 Merri 99 164x116 -and' 40. x 40 “K" matrices for 
PF NCH, (CH,C H.), CH, (CF) ,P(F) NH(CH,) and (CF) P(F)Y, 
respectively. The K matrix, the line numbers, spin 
states, intensities and frequencies for each system are 
given in Tables 14 to 20 of the Appendix. 

The rates of exchange of magnetization were 
determined by varying the rates used in the calculation 
until the best visual fit was obtained between calculated 
and observed spectra. The rates of the exchange process 


along with the temperatures for all compounds studied 


herein are summarized in Tables 1l and 12. 


Analysis of the Spectra 


The slow-exchange Sip spectrum of (IV) between -30° 
and -85° consists of 9 lines corresponding to 9 states 
of spins in axial and equatorial fluorines. The spectral 
assignments for the ep spectrum of (IV) are shown in Figure 
21 in terms of the simple spin product functions for each 
state. These function are convenient to use but not strictly 


accurate. Ideally one should use symmetrized spin states 
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TABLE 12 


Values of Rate of Exchange of Magnetization at 
Particular Temperatures of (CF P 
p OF ts ( 3)3 (F) NCH, (CH5CH,) 


Obtained Using DNMR3 


Temp (°C) eisece™) 
cD.Cl. diy methyl- 
cyclohexane 
-20 L5 
-15 25 
=10 40 
—5 70 
0 90 
5 ius) 
10 190 
15 290 
20 390 
25 650 
30 1100 1200 
35 1600 1600 
40 2000 2200 
45 2700 2700 
50 3700 
a5 5500 
60 7000 
65 9000 
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but this does not affect the analysis. Furthermore, it 
has been shown?” that proper calculation of the transforma- 
tion matrix from the complete Hamiltonian introduces 
only subtle differences in the analysis which cannot be 
detected experimentally. The oF spectral behaviour of (IV) 
in the region of intermediate pseudorotation rates can be 
described as the transfer of magnetization between 
certain of the 9 lines according to the mode selected. 
If a pairwise exchange mechanism is chosen, three 
lines remain unchanged throughout the whole temperature 
range corresponding to the spin states of aalaa, af|a8, 
and 88|88, since no exchange of magnetization can occur 
in these lines under pairwise exchange modes. Pair- 
wise permutation clearly interchanges aa|a8 and a8laa, 
aa|88 and BBlaa, a8|88 and 88|a8 magnetic environments around 
the phosphorus nucleus and results in eae vase of 
Magnetization between lines 2 and 3, 4 and 6, 7 and 8 
respectively, therefore these six lines are broadened 
and coalesced in the intermediate exchange region. The 
computer simulation of spectral line shapes based on a 
pairwise mode fits the observed behaviour well at 
temperatures ranging from -40° to -85°, (Figure 22). 

In the case of CH, (CF) .P(F)NH(CH,), axial and 


equatorial CF, groups are distinguishable at ordinary tempera- 


a 
ture (+30°). ‘The 315 spectrum is doublet of quartets 


of quartets expected for a static trigonal-bipyramidal 
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Figure 22 Experimental and calculated lp ~ {1H}, 


36.4 MHz) nmr spectra at particular temperatures 
and appropriate rates of exchange of magnetiza- 
tion for PF NCH. (CH.C.H.). The experimental 

4 3 2: 6D 
spectra were obtained in a solution of CFCl._, 


3 
the calculated spectra were obtained using a 
Koma erie constructed for a pairwise (i.e., Berry 
etc.) exchange mechanism. The frequency scale 
gives chemical shift values relative to P4% 


but was measured by heteronuclear lock techniques 


relative to 25 of cD,Cl, (in. AZ). 


Opies {'H} (36.4 MHz) Spectra of 


Te23372K 


T=213°K Rate =2000 sec" 
T=208°K Rate= 1000 sec”! 


T=203°K Rate = 500 sec”! 
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Figure 22 
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structure having one CF the methyl, and the methyl- 


cz ed 
amino groups in the equatorial positions, one CF 


3 
and the single F in the axial positions. The 31, 


group 


spectrum at +30° can be regarded as a slow exchange limit 
Or stopped spectrum. The fast exchange should be a 
doublet of septets arising from the coupling of 
phosphorus and six equivalent fluorine nuclei of axial 
and equatorial CF, groups. However the highest accessible 
temperature (+70°), limited by solvent and possible 
decomposition problems, was not sufficient to observe the 
equivalency of axial and equatorial CF, groups. All 
the observed spectra were characteristic of intermediate 
exchange regions and could be fitted to determine 
the rate. 

In CH, (CF) >P (F) NH(CH,) and the (CF,) ,P(F)Y system 
(where Y = NH (CH3) N(CH) 5, N(CH,)CH>C CH, , and OCH), 


5 
3 P resonances 


the influence of pseudorotation on the 
is determined by the extent to which the magnetic 
environment "seen" by the phosphorus is changed when 


the CF. groups interchange. If pseudorotation results 


in isomerization of CF, groups to a final configuration 


3 

which is magnetically indistinguishable from the start- 
‘ 31 j 

ing configuration, no change in the P spectrum will 


be observed. If on the other hand, pseudorotation 


converts the starting configuration to a different 


configuration, the two (or more) slow-exchange phosphorus 
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lines coupled by the exchange will broaden and coalesce 


as the pseudoretation rate increases. 


Figure 23 shows the spectral assignments for the 31, 


half-spectrum of CH, (CE) ,P(F)NH(CH,), omitting only the 


doubling of the spectrum arising from 1, Under the pair- 


PF~ 


wise exchange process which is shown below: 


F CF, ‘i 
Pa 4 ! 
f BPR LN 
EIN ‘ ee. CH 
fale p- ; CH, NH(CH3) pivot f 3 
me asta ae 
GF3 CF; 
7 
CF; CH, 


four lines remain unchanged as temperature is increased 
from 45° to 70° corresponding to the spin states of 
aaalaaa, Baalaak, BRalaBB and 8B88| 888 indicating no 
exchanging of magnetization in these lines (Figure 24). 
The transition Labeled 2 in Figure 23 can be considered 
to be due to a phosphorus nucleus in the characteristic 
magnetic field provided by three fluorines of the axial CF. 
group and two fluorines of the equatorial CF3 group in 
a-spin states and one fluorine of the equatorial CF. group 
in a §-spin state, The other transitions can be interpreted 
similarly. The symbols obey the following order: the 
first three spin state symbols refer to fluorines of 
the axial CF, group and the latter symbols refer to 
fluorines of the equatorial CF, group. 

As the temperature increases the exchange process 


results in transfer of magnetization between transition 
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Spectral Assignments for the eap Half-spectrum of CH, (CF,) 4P(F)NH(CH3)- 


Figure 23 
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Figure 24 Experimental and calculate Cp ~ (Hh, 
36.4 MHz) nmr spectra at particular temperatures 
and appropriate rates of exchange of magnetiza- 
tion for CH, (CF,)P(F)NH(CH,)- The experimental 
spectra were obtained in a solution of d,-toluene, 
the calculated spectra were obtained uSing a 
Konner cone eructed for a pairwise ieee Berry, 
etc.) exchange mechanism. The frequency scale 
gives chemical shift values relative to P,o. but 


4°6 
was measured by heteronuclear lock techniques 


2y of CD.Cl. (in Hz). 
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Zyandio5t 3uand) 9, 4 and 13, 7 and 10, 8 and 14, 12 and 15. 
Within the temperature range from 45° to 70° the only 


Significant observation was that peaks arising from 


transition 7 and 10 were reduced in height. The ae half- 


spectrum of CH, (CF,) ,P(F)NH(CH,) was not taken complete- 
ly to the fast exchange septet because the necessary 
high temperatures could have caused the decomposition 

of the compound. Other difficulties such as increased 
pressure inside the sealed tube and the reflux of the 
solvent at elevated temperatures also precluded the study 


of increased temperature spectra. 


oH 


In the case of (CF,) ,P(F)Y compounds, the p spectrum 


at the slow exchange limit is a doublet of quartets 


of septets, thus in the ground state structure, F and one 


cr, group occupy the axial positions, the Y group (N, NRRo+ 


or OCH.) and two CF. groups occupy the equatorial positions. 


3 


> BS °o 
At high temperature [> 30° for (CF) ,P(F)NCH, (CH,C(H,) 


33 and > 55° for (CF,)P(F)NH(CH,)1], 


all nine fluorines in three CF 


and (CF,) ,P (F)N(CH,) 
3 groups become completely 
equivalent, and the 31, spectrum becomes a doublet of 
decets in this fast exchange limiting spectrum. In the 
intermediate temperature range exchange of magnetization 
occurs between the three CF, groups. Visualizing the 
process in terms of Berry pseudorotation we consider an 
equatorial CF, (QS as avipivoty the axial pais (CF ,* and F) 
becomes the equatorial pair, the remaining equatorial 


CF. (2) and Y groups becomes the axial pair in one 
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An alternative pathway in which the exchanging 
process can avoid the possible high energy barrier arising 
from the placement of Y in the axial position and F in the 
equatorial position, (because such locations are in opposi- 
tion to the apicophilicity. euler aa is achieved by 


performing the transformation in two steps using first Y 


as the pivot, followed by CF,*: 


Cr, Cr, - 
sae SWS Leak Kaas: ee Cee oa 
< F. CF. P 
CF;—— P 3 3 
sae yy o™ Nee, 
La 
F CF3 


The slow-exchange oie half-spectrum of (CF,),P(F)Y¥ 
consists of 28 lines, the spectral assignments of which 
are shown in Figure 25. Each transition labeled from 1 
to 28 can be considered to be due to a phosphorus 
nucleus in the characteristic magnetic field provided 
by the spin states of nine fluorine atoms, six of which 


belong to two degenerate equatorial CF, groups and three 
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Figure 25 Spectral Assignments for the ne Half-spectrum of (CF,) 3P(F)Y. 
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Figure 26 


Experimental and calculated oe ~ “ny 

36.4 MHz) nmr spectra at particular temperatures 
and appropriate rates of exchange of magnetiza- 
tion for (CF) ,P (F)NH(CH,)- The experimental 
spectra were obtained in a solution of CFCl., 

the calculated spectra were obtained using a 
K-matrix constructed for a pairwise (i.e., Berry, 
etc.) exchange mechanism. The frequency scale 
gives chemical shift values relative to P°% 


but was measured by heteronuclear lock techniques 


relative to 20 Of CD_CL (in Hz). 


255 42 


es {'H | (36.4 MHz) Half Spectra of 


x =] 
T= 328°K CF, Rate=2000 sec 


t 
T=318° K Mee Rate= 830 sec! 
i = 308° K Me aes 


F 


T=293°K Rate =80 sec’ 
T=283°K | Rate =33 sec’! 
ye ig 
os Te ee a re tad ere bee en ee 
-6800 -{200 -7600 -6800 (74 8)8) -7600 Hz 
EXPT CALC. 


Figure 26 


102, 


ye OES ‘er * 


Ee) 


aftaPitens ot 


| svt sles aeuitsv a vl 


fat saatousoraiod) % i , 


ae aby Pe 


ei) 


a eo F ; 


Whcked Ki 000 eae 


ekneda ae 
poston 25 ee i. 9c sil | 
a + a Dike 

i JU aah 7 | ‘ 


4 


1 Rite 11000 tec? 


Figure 27 


Experimental and galculated( 7p ~ {tu}, 36.4 MHz) 
nmr spectra at particular temperatures and 
appropriate rates of exchange of magnetization 


for (CF) ,P(F)N(CH The experimental spectra 


3 2: 


were obtained in a solution of CFCl,, the 


calculated spectra were obtained using a K-matrix 
concueeee-d for a pairwise (i.e., Berry, etc.) 
exchange mechanism. The frequency scale gives 
chemical shift values relative to PA% but was 


measured by heteronuclear lock techniques rela- 


tive to 25 of cD,Cl. (ix Hoe 


sue {'H] [S64eMMletlalk Spectra of 


T=303°K 


T=283°K | , Rate =2500 sec”! 
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Figure 27 
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Figure 28 


Experimental and calculated (3+p ~ Pane 36.4 MHz) 
mmr spectra at particular temperatures and 
appropriate rates of exchange of magnetization 


for (CE P(F)NCH, (CH C_H_). The experimental 


3)3 22605 
spectra were obtained in a solution of 


CFC1,/CF,Cl.- The calculated spectra were obtain- 


ed using a K-matrix constructed for a pairwise 
(i.e., Berry, etc.) exchange mechanism. The 
frequency scale gives chemical shift values 


relative to PAP% but was measured by heteronuclear 
techniques relative to 25 of cD,Ccl., (in Hz) 
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Figure 29 Experimental and calculated Ga: ~ {+H}, 
36.4 MHz) nmr spectra at particular temperatures 
and appropriate rates of exchange of magnetiza- 


tion for. (CF P (F)OCH The experimental 


3)3 ce 
spectra were obtained in a solution of CFCl,, 
the calculated spectra were obtained using a 
eee: constructed for a pairwise (i.e., Berry, 
etc.) exchange mechanism. The frequency scale 


gives chemical shift values relative to PA% but 


was measured by heteronuclear techniques relative 
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fluorine atoms belong to the axial CF, group. From the 


3 
observed 21 half-spectrum of (CF,) ,P(F)Y covered by 
the range of temperatures -35° to 30°, -40° to 30°, 

° ° i Co] ° 
OF toe s57 sand =152."t0,50°.,f0r (CF ,) ,P(F)NCH, (CHC H.), 
(CF) ,P(F)N(CH,)., (CF) ,P (F)NH(CH,) and (CF) ,P (F) OCH 


3° 
respectively, there are four lines which are seen to be 
unaffected by exchange and remain sharp. These lines 
correspond to the spin states of aaa aaalaaa, Baa Baal Bao, 
BBa BBal|BBa and BGG BBB|BBR (Figure 26, 27, 28, and 29) 
which cannot suffer exchange. Permutational interchange 
process results in transfer of magnetization between 
transition 2 and 4, and the probability of exchanging 
of magnetization from transition 4 to transition 2 is 
one half of that from transition 2 to transition 4. 
Exchange of magnetization between transition 3 and 8, 
5.and.12a, 8b.and. 6, llb.and 14b, 13b.and 18a, 18b and 
15b;,426.-andi21a,.2lb. and! 23,427 and,25,..can thesinterpreted 
similarly. Transition lla and 16b, 17a and 24, 
exchange magnetization with equal probability. 
Transition states Baa aaa|BRa, BBa aaa|faa and Bfa Baalaaa 
transfer the magnetization among themselves with 
equal probability with respect to the other two transition 
states. Transitions 9, 14a and l6éa; 13a, 15a and 20; 
17b, 19a and.22 can. be: interpreted similarly. 

The temperature dependence of 13, nmr spectra of 


H as also examined from -20° to 
(CF) ,P (F) NCH, (CHC, 5) Ww 
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Gorge (rons 30) Ate 3 ok thet onc F} spectrum consists 


of a pair of doublets with a relative intensity ratio of.2:1] 
which can be considered as the limiting spectrum under 
conditions of slow exchange. The more intense doublet 


with the larger coupling constant eas 267 Hz) arises 


from two equivalent CF. groups and the doublet of lesser 


intensity with the smaller coupling constant Clak 


59 Hz) from the single axial CF. group since the 15 


PC 


3 
values appear to correlate linearly with one values. ©? 


At 338°K, the distinction between axial and equatorial 
environments is lost and the resultant average value of 
the coupling constant under rapid exchange conditions 


(sae 198 Hz) is in good agreement with the weighted 


average of the above axial and equatorial <a values. 
In the intermediate temperature range the three cr, 
groups are exchanging between axial and equatorial sites 
at intermediate rates which can be extracted from the 
line shape analysis. The calculated spectra included 
in Figure 30 were obtained using the computer program 


DNMR3, °° 


using the following parameters (in Hz) to 
calculate the required eigenfunctions of the spin 


dt 
Hamiltonian: Se Toc (eq) = 267, 


v - Vv 
‘ CF (eq) CF. (ax) 


Tp (ax) = 59 . Treating 13, of the (CF3) 4P portion as an 


AABX spin system with A and B sites suffering mutual 
exchange: 


AABN == ABAX, —————_BAAK 
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Figure 30 


ug 
Observed and calculated ( 3¢ ~ a 22.6 MHz) 
nmr spectra at particular temperatures and 
appropriate rates of exchange of magnetization 
3) 3P (F) NCH, (CHC H,)- The observed 
spectra were obtained in either a solution of 


for, (CF 


cDoCl. (low temperature range) or a solution of 


d,, methyl-cyclohexane (high temperature range). 
The calculated spectra were obtained using the 
DNMR3 program with exchanging spins treated in 
a manner equivalent to a pairwise (i.e., Berry, 
etc.) exchange mechanism as explained in the 


text. The frequency scales give chemical shift 


values from (C2cHs) 453 in Hz. 
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Figure 30 
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is equivalent to the procedure employed for the K matrix 


analysis. 


Exchange Barriers 


A linear Arrhenius plot may be constructed from the 
rates of exchange (k) at different temperatures using 


equation 9 and least square fitting procedures: 


Cee en RE (9) 


RT 

to provide the activation energy Es from the slope and 
the frequency factor, A, from the intercept. An Arrhenius 
plot of course involves the tacit assumption that both 

E, and A are temperature-independent, which can only be 
an approximation. Experience has shown this approxima- 
tion to be a good Gnete In general, it would mean taxing 
the accuracy of rate data beyond their limits to detect 
deviation from linearity with any degree of certainty. 
The enthalpies and entropies of activation are obtained 
by the substitution of AC = ee = TAS’ in the Eyring 


equation 10. 


wy 
| 


(2) exp (-AG"/RT) (10) 


which becomes; 


k = (2) exp (<AH'/RT) exp GAS /R) (11) 
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and, assuming AH* and as* are temperature independent, by 
applying procedures to eq. 11. The linear plot of 
lIn(k/T) vs 1/T gives a slope of -AH*/R and the intercept 
is in (5) + As* 
n (Fy i 
The linear Arrhenius plots for each compound, presented 
in Figure 3l, gave the activation parameters (Eos the 


Activation energy and A, the frequency factor). Fitting the 


same rate data to eqns 10 and 11 gave the Eyring activation 


114. 


parameters AH* (enthalpy) , Ast (entropy) and AG* (free energy). 


All data are given in Table 13. 


The values of AG* are taken as the estimate of the 


barrier of positional interchange processes in these 


82 


phosphoranes. The Ac* value of PF NCH, (CH CH) or 


4 “6. 5 
8.3 + 0.4 kcal/mole at 25° is in the same order as of 


29 
PF N(CH.) , (8.8 + 0.2 kcal/mole at -85°) and 


83 


PF NIC 1 les) (6.0 kcal/mole at unspecified temperature). 


61522 
Since the temperatures quoted are different, the 


£ 


comparison of the AG values of the above aminotetra- 


fluorophosphoranes cannot be made precisely. 
In the (CF) ,P(F)NR)R, series (where Ry =H, CH, 


R, = CH, CH2C H.) » the highest barrier to intramolecular 


ligand exchange is found in (CF) 3P(F)NH(CH,) (AG* = 
14.5 + 0.5 kcal/mole) presumably because intramolecular 


hydrogen bonding is also possible in this compound as 


84-86 


suggested earlier. Hydrogen bonding would hinder 


both the pairwise exchange and the rotation around the 


+ 


P-N bond, therefore increasing the AG’ value. The 


barrier to intramolecular ligand 
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exchange in (CF) ,P (F) NCH, (CHC H.) CEE )I-OF -LoeGwt-0. 3 


kcal/mole is higher than in Ea ge FI N(CH CLE) “wach 
AG* of 12.2 + 0.3 kcal/mole. The more bulky group on 
nitrogen in (II) tends to increase the ease of inversion 
at nitrogen but slows down the rotation around the P-N 
bond and presumably the latter effect overcomes the 
former resulting in a higher AG* value for (II) relative 
COetilL). For (CF ,) ,P(F)NCH, (CHC HL), the activation 
parameters obtained from two different approaches (DNMR3 
and EXCHSYS for =e and 31, simulations respectively) 

are in agreement within experimental errors although the 
rates are substantially different at any given temperature, 
because the rates are in part dependent on the computa- 
tional model. It was found that the rate of exchange 

of magnetization as determined from a spectra, was 
independent of solvent and concentration for (CF) ,P(F)- 
NCH, (CH5C.H,) Since changing the solvent and reducing the 
concentration gave rates of exchange of 

magnetization in deuterated methyl cyclohexane (high 


temperature range solvent) which could be plotted on the same 


line in an Arrhenius plot as the ones obtained from the 


deuterated methylene chloride solution. 
The barrier of the intramolecular averaging process 


tof 1 ie Gee a kcal mole 


j ith AG 
in CH, (CF) ,P (F) NH (CH) wi 

is the highest among the phosphoranes studied in this 

work but the barrier is quite comparable to that of (CF3) 5- 


P (F)NH(CH3) - The effect of replacing one CF, group with 
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a CH3 group in the equatorial position of the trigonal 
bipyramidal framework is apparently small relative to 
hydrogen bonding contributions which have a substantial 
effect. Structure of both methylamino compounds are 
nearly static at room temperature. | 

TherAG’ «value of (CF,) ,P(F)OCH, of 11.0 + 0.6 
kcal/mole is smaller than those in (CF) ,P(F)NRR, series, 
this is probably due to the increased degree of multiple 
P-N bonding in the latter as suggested earlier.‘ 

The large values of As* in (CF) ,P(F)NH(CH,), 


(CF) ,P (F)OCH and PF NCH (CHC H,) are probably due 


32 4 
to the lower accuracy of these measurements, since AS 
should be approximately zero for such an intramolecular 


process. The difficulties in obtaining good data for 


these compounds precludes extensive analysis of the As* 


terms. 
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CHAPTER 5 


SUMMARY AND CONCLUSIONS 


Nmr spectra of (CF 3) ,P (F) NH(CH,) 89 ie (CF) ,P(F)- 
NCH, (CHC H,) ap fi CH, (CF) ,P (F)NH(CH.) (III) show a 
Signal due to the fluorine with a large coupling to 
phosphorus strongly suggesting that the compounds are 
correctly formulated as five coordinate phosphoranes 
rather than phosphonium salts. 

At ordinary temperatures, the CF, environments of 
(I) and (II) are equivalent. Axial and equatorial CF 


3 
environments were detected by low temperature gay 31, and 


male (II) nmr spectroscopy. The CF3 environments of (III) 


in a trigonal bipyramidal framework are distinguishable by 
oe and ag: nmr at room temperature. Above -30° all 
four fluorines in PF NCH, (CHOC H,) (IV) are equivalent. 
At temperatures between ~-85° and -100°, 19, and oa: nmr 
spectra showed the presence of different axial and 
equatorial fluorine environments. At lower temperatures 
(> -100°), nonequivalent axial fluorines have been 
observed by 19, and possibly sai nmr spectra. 

The compounds (I), (II), (III), and (IV) possess 
ground state structures having either F and/or one CF, 


group in axial positions; CH,, NH (CH) or N(CH.) CH CH 


3 oS 


in the equatorial positions. The axial and equatorial 


CF, groups are characterized by a relatively small and 
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.a relatively large value of 25 respectively. 


PF 
A consistent interpretation of the nmr spectral 


behaviour is obtained for this and related??? 93, 66-69 


systems if the larger 25 values are associated with 


PF 
equatorial CF, and the smaller “63! values with axial 
CF, substitution. The relative numbers of CF, groups 


can be deduced from the relative intensity of the 19 


Signal. The changes in the appearance of the spectra 

of all the phosphoranes studied on lowering the 

temperatures are due to 

(1) a slowing down of the equilibrating permutational 

process and 

(ii) the hindered rotation around the P=-N bond which 
coupled with the inversion at nitrogen. Which in 
the present case3 were not clearly a emethenlble. 
The temperature dependent study of the oe, spectra 

of a series of compounds of the type (CF) ,P(F)Y where 

¥ = NH(CH,), N(CH.) 


N(CH,)CH C,H, and OCH,; 


2,603 


; SoH h 1s 
NCH (CHC, g) show the 


interchange of axial and equatorial fluorines in 


on 
c PF 
CH, (CF) 5P (F) NH(CH,) and 


PF NCH, (CH C_H_), of axial and equatorial CF. groups in 


4 26g 3 
(CF) ,P(F)Y and CH, (CF) oP (F)NH(CH,) which is consistent with 
a pairwise exchange mechanism such as Berry pseudorota- 

. 23 
tion. The temperature dependence of the C nmr spectra 


of (CF) 5P (F) NCH, (CHC; H,) was aiso examined and is 


consistent with the pairwise mechanism. The line shape 


‘ u 7 
bp ch an : PP) 


a ho Da % A y 
% Tea he eae 
ion we ae 


ssi at od or 


nigtorty 10 te seein sidtadson mil sae ia 
- 
." arid Fo “nae Pahoa ‘oka ey % 


PuA@d fire aoe zs aa 
ort wie pape “p nee a: beneeeen 


an oage gi? AP pig te pry oy : 
bry YES itt aii 


| 7 bret 3 o— [OPK eh OM 

ans or Pap deve t'¢ fast see, Boe. \tatxe 10 signed; ae be MA 
tt aqsaay E , oe OE sad o ar ay ad 

hiaw seve seaon ei hie : \ Sore i be, ” a > bat (0) ve 


“G20 2ODss2 | ye wl awe i ey eee sph e velwileg BO 


fi ne = 7. 
Stifrege so 2 thy: ipa ats 


2gnte Sait ahi 


analysis of the 126 and qt nmr obtained at different 
temperatures by means of existing computer programs 

(DNMR3 and EXCHSYS) yielded the activation parameters 
from the best straight line in the Arrhenius plots. By 
using the value of Act as the estimate of the barriers 

of positional interchange processes in these phosphoranes, 
the barriers to the averaging of CF, environments are 


3 


in the order of CH, (CF PG) NH (CH?) > (CF) ,P (F) NH (CH) 


3)2 
> (CF) ,P(F)NCH, (CHC H.) > (CPs a) EP NACH.) > (CF,),- 


P(F)OCH,- 


(CF) ,P (F)OCH 


The higher AG* value of (CF)? (FN(CH.), over 


3 is consistent with the result previously”? 


predicted from the approximate coalescence temperatures. 
For (CF) ,P(F)NCH, (CHC He). the activation parameters 
obtained from two different approaches are in good 
agreement. The intramolecular averaging process in 
PF ,NCH, (CHC H,) is assayed in terms of a PF, bending 
mode? probably coupled with a P-N rotation (and/or with 
nitrogen inversion) with an overall barrier of 
approximately 8 kcal/mole. The possible non- 
equivalent axial fluorines which were observed in both 
i and eas nmr spectra at very low temperature (-100°) 
may be due to orientation of methyl and benzyl groups 
attached to nitrogen, relative to the axial FPF plane, 
thus the P-N bond rotation and/or nitrogen inversion may 
have ceased. Similar effects were observed in (CF) ,P(F) - 
19 


Sb : 
NCH (CHC H,) at —120° in both F and P nmr spectra with 
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magnetic nonequivalencies developing in the axial CF, 
group. Unfortunately these latter effects were very 
small and not fully resolved due to freezing of the 


sample at very low temperatures and no definite conclusions 


could be reached. 
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The program EXCHSYS is a shortened version of the 
program of the same name obtained from the Mass. Inst. 
of Technology and established at the University of 


Alberta by R. G. Cavell. The theory and stategy of the 


calculations are described in ref. 89 and 90. 
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APPENDIX 


The K matrix which describes the transfer of 
Magnetization between the lines of the observed 31, 


half-spectrum of CH, (CF) ,P(F)NH(CH (lonx 16) sand 


3) 
(CF,) ,PFNR,R, was constructed from the following facts: 
i) there are four spin states in each of the CF, 
groups: cada, aae, o66, and BBB. 
ii) the spin states are indistinguishable for a 


Single. Cr -9roup;. 1.6.5 006. =,060 = baa, 


3 
therefore there is no exchange between these 
states. 

iii) total spin states must be conserved during 
exchange of magnetization. 

iv) the components of two degenerate CF3 groups 


(i.e., two equatorial CF. groups) are degenerate 


3 
set of groups, eg., aaa BRR consists of aaa BRR, 
Baa BBa, BBa Baa, and BBB aaa. 
v) the "indistinguishable" states which behave in 
an identical way with respect to transfer of 
magnetization can be combined for simplification. 
The 16 x 16 matrix (Table 18) for CH, (CF) ,P(F)NH(CH,) 
describes the exchange of magnetization of six fluorine 


spin states of two different CF, groups, axial and 


3 
equatorial. Each of which consists of fouft spin states: 


aaa, aaB, afB, and B88. The 16 x 16 matrix has identical 
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rows and columns, probabilities of exchange are all 0 
or 1.0 and diagonals are 0 or -1.0. 
The K matrix for the system of (CF) ,P(F)Y (where 


Yoe= 
NH(CH3), N(CH), NCH, (CH,C,H,), and OCH,) was 


Ove 
constructed to describe the transfer of magnetization 


between nine fluorine spin states of three CF, groups, 


3 
six of which belong to two degenerate CF, groups. nus 

the slow exchange half spectra have 28 lines, a quartet 

of septets. All possible spin states from the six spin 
assembly combine with a set of indistinguishable spin 

states from axial CF. group to give rise to a 64 x 64 
matrix (Table 19) e.g., the set of degenerate equatorial 
spin states of one particular M; value for equatorial 

CF, groups (e.g., M,(eq) = 0): aaa BBBlaaa, Baa BRalaaa, 
BBa Baalaaa and BBB aaalaaa, all have a probability of 
exchange of 0.5 with spin states aaa aaal|BBB, Bao aaa| BBa, 
and aaa BBal|Baa, aaa Baa|BBa and BBa aaa|faa and aaa aaal BBB 
respectively, as a result of permutation of the axial CF 


) 


group with one equatorial CF, group which result in the 


3 
transformation of magnetization from equatorial to axial 
environments without spin transitions within the CF, group. 
This 64 x 64 matrix has identical rows and columns, 
probabilities of exchange are all 0 or 0.5 and diagonals 
are-0, —02 5° or” =130> 

Because a 64 x 64 matrix cannot be taken into the 


program because of internal space limitation of the program, 


the matrix was reduced to dimensions of 40 x 40 case by 
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combining “indistinguishable" states, e.g., BBa Baalaaa 
and faa Bfalaaa and adjusting probabilities. 

If a complete simulation including the two spin 
states of the single F is required for CH, (CF) .P (F) NH(CH,) 
and (CF) ,P(F)Y cases then two submatrices of order 
16 x 16 and 40 x 40 respectively are needed. 

The computer program requires transition frequencies, 
peak width at half height and intensities of the lines. 
The transition frequencies can be obtained either from a 
stick diagram constructed using the values of coupling 
constants obtained from a stopped spectrum or from the 
measured frequencies obtained from the spectrum. Obtaining 
correct assignments in the latter case is more difficult 
especially when lines overlap and since it is essential 
that the spin state order be correct, the former approach 
is recommended. The intensities are calculable from 
stick diagrams. The transition frequencies and intensities 
are summarized in Table 14, 15, and 16. The peak width 
at half height (FWHM) is measued directly in Hz from the 
peak which remains sharp through the temperature range. 

In some cases the peak width at half height was increased 
with increasing temperature for better fitting. For 


Za0, 5 
Spectra from —35° (to 20°. At.30"°, ajvalue ol > Ughz, was 


(CF) ,P (F) NCH, (CH C_H_) a FWHM of 4.5 Hz was used for all 


used. For CH, (CF,) 5P(F)NH(CH3), (CF,) ,P(F)N(CH,) 5 and 


P(F)OCH., FWHM values of 10.0, 6.0, and 4.0 Hz were 
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used throughout respectively. For (CF) 3P (F)NH(CH,), 
FWHM = 4.5 Hz at 5°, FWHM = 6.0 Hz between 10° and 20°, 
FWHM = 8.0 Hz at i25° and 35°, and FWHM = 10.0 Hz at 

Ao” “and 55°. ° For PF NCH, (CHC -H.), FWHM values of 4.5 


and 6.0 Hz were used at temperatures between -90° and 


-60°, -50° and -40° respectively. 
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Line Numbers, 


and Frequencies used for Simulation of 


31 
Respectra (Of CRE 


Line no. 


TABLE 14 


Spin States, 


4 


NCH, (CH 


Spin States 


equatorial 


aad 
ag 
ada 
ap 
a8 
ap 
BB 
BB 
BB 


(F) 


axial 


OO 
aB 
BB 
aa 
aB 
BB 
aad 
ap 
BB 


2 


Intensities 
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